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1
Abstract
In this thesis, a high vacuum modified magnetron sputtering system has been used to create very clean
nanoparticles of silver, gold and nickel. These nanomaterials all have a diverse range of applications, and
their usefulness in these applications is dependent upon their unique properties associated with their size and
shape. The properties of nanoparticles can degrade and become essentially useless, by coalescence processes
and via interaction with environmental contaminants, in particular oxygen. In this thesis, Transmission
Electron Microscopy (TEM) techniques have been utilised to explore the properties of these nanoparticles,
which are extremely clean compared to nanoparticles fabricated through many other techniques. Having
cleaner samples means that TEM studies of the particles are more representative of the metals themselves,
rather than any organic additives or other by products of synthesis. It also provides opportunities to study
how these nanomaterials degrade, both naturally over time, or by forcing oxidation or coalescence using a
TEM beam. In this thesis, conclusions have been made about how these forced processes compare with
natural ageing of the materials.
In particular, it was found that silver coalescence is dominated by morphological considerations, and proceeds
by a ‘collapsing’ of morphologies from icosahedral to decahedral to tetragonal. Enhanced stability was
observed for decahedral shapes, together with a resistance to coalescence and Ostwald Ripening processes.
The coalescence of silver was compared to the coalescence of gold and both these processes were used to
attempt to understand the wetting of silver on gold nanoparticles. The current understanding of this recently
observed phenomenon has been furthered, giving consideration to the importance of facets and morphology
in this process.
In addition to coalescence of gold and silver nanoparticles, nickel nanocubes have been created in the mag-
netron system, which is a novel route to their synthesis, and their oxidation has been studied during in-situ
TEM experiments. The preferential oxidation of {111} facets over {100} facets has been observed and have
therefore it has been concluded that different morphologies of nickel nanoparticles will oxidise differently.
Since shape control is highly important in many applications of magnetic nanoparticles, and oxidation is the
most important degradation route, this result is of great significance.
0.1 Acknowledgments
I am extremely fortunate to have Dr David Payne as my supervisor, who has always encouraged myself and
his other students to pursue our own research interests, and supports us in doing so, which makes for a
happier group. He has forged some excellent collaborations for me over the course of my PhD. He always
is interested in the work of his group and likes to get involved, as ‘fascinating’ papers sent at 2am are a
testament to. He gives so much of himself to his work and his group. I’m very grateful.
I’m also very pleased to thank my additional supervisors, Prof. Jason Riley and Prof. Neil Alford for their
support. They have been instrumental in setting the course of my PhD and were especially helpful when I
was settling in during my first year.
I am hugely thankful to the various incredible microscopists who have obtained beautiful Chemi-STEM,
Lorentz TEM and Holograph measurements at Julich, specifically Dr. Chris Boothroyd, Prof. Rafal Dunin-
Borkowski and Dr. Shery Chang. Everyone I met at the Ernst Ruska-Center was incredibly kind, welcoming
and helpful. It is a delight to have been able to work there. For excellent microscopy work, I’d also like
to especially thank Dr. Catriona McGilvery at Imperial, who has given up much of her time to work with
me, and has lent her brilliant Titan skills to the project. She has also been a great help for me in terms of
microscopy advice and theory, as I have found her to be very approachable. In a similar regard, Dr Solveig
Felton was of great help in my first couple of years at Imperial for microscopy related advice and guidance.
I will never forget the help I have received from Dr. Peter Petrov. He is always willing to step in and lend
a hand, and often a word of advice. In a similar manner, I simply would not have been able to commission
the deposition system without the help of Evgeniy Donchev, who’s previous knowledge was indispensable,
and who gave up much of his own valuable time to help me.
At Imperial there are a host of excellent research officers that provide great training and support on in-
struments. I am particularly grateful to Dr. Mahmoud Ardakani, Dr. Catriona McGilvery, Mr. Richard
Sweeney and Mrs. Ecaterina Ware.
On a personal note, I would like to thank the various friends I have made at Imperial, PhD students who
recognise the ups and downs and share them. I’d also like to thank my family for their support; My Mum,
my Stepdad and my partner Nuno.
i
Contents
0.1 Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i
0.2 Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi
1 Introduction 1
1.1 Nanotechnology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Common Methods for Nanoparticle Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.1 Physical Deposition Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2 Chemical and Mixed Deposition Methods . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.3 Chemical Solution Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Applications of Silver, Gold and Nickel Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.1 Important Applications of Silver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.2 Important Applications of Gold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.3 Important Applications of Nickel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Material Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4.1 Crystal Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4.2 Electronic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4.3 Optical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.4.4 Magnetic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.5 Bimetallic Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.5.1 Bimetallic Nanoparticle Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.5.2 Gold and Silver Bimetallic Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.5.3 Nickel and Silver Bimetallic Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.6 Shape Control of Metal Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.6.1 Capping agents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.7 Thermodynamics of Crystal Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
ii
1.8 Twinning in Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.8.1 Allowed Orientations on Planar Substrates . . . . . . . . . . . . . . . . . . . . . . . . 26
1.9 Coalescence and Ripening of Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
1.9.1 Neck Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
1.9.2 Coalescence of Nanoparticles with Age . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
1.9.3 Induced Coalescence under the Electron Beam . . . . . . . . . . . . . . . . . . . . . . 30
1.9.4 Heterogenerous Coalescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
1.10 Oxidation of Nanoparticles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
1.10.1 Oxidation of Nickel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.10.2 Applications of nickel oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
1.10.3 Reaction of Silver with Environmental Contaminants . . . . . . . . . . . . . . . . . . . 35
1.11 Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
1.11.1 Growth of High Purity Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
1.11.2 Silver Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
1.11.3 Gold Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
1.11.4 Nickel Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
1.12 Thesis Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2 Background to Experimental Techniques 40
2.1 Chapter Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.2 Preparation of Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.2.1 Nanoparticle Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.2.2 Quadrupole Mass Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.2.3 Radio Frequency Plasma Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.2.4 Sample Table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.3 Nanoparticles formed by Cluster Deposition: Predicted Growth and Structures, Kinetics . . . 47
2.3.1 Cluster Formation and Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.3.2 Interactions and Kinetics on the Substrate . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.4 Transmission Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.4.1 Electron Interactions with the Specimen . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.4.2 Bright Field, Dark Field and High Resolution TEM . . . . . . . . . . . . . . . . . . . 51
2.4.3 Sources of Resolution Loss for High Resolution TEM . . . . . . . . . . . . . . . . . . . 52
iii
2.4.4 Microscope effects and Image Artefacts . . . . . . . . . . . . . . . . . . . . . . . . . . 54
2.4.5 Diffraction and Fast Fourier Transforms . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.4.6 Scanning Transmission Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . 58
2.4.7 Energy Dispersive X-ray Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2.4.8 Beam Energy and Radiation Damage . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3 Experimental Techniques 62
3.1 Chapter Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.2 Running an Experiment on the Nanosys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.3 Synthesis of Silver Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.3.1 In-Situ Oxidation Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4 Synthesis of Gold Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4.1 Synthesis of Gold and Silver Nanoparticles for Wetting
Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.5 Synthesis of Nickel Nanocubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.6 Transmission Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.6.1 Bright Field Transmission Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . 69
3.6.2 Analysis of Transmission Electron Micrographs . . . . . . . . . . . . . . . . . . . . . . 70
3.6.3 EDX Experiments on Jeol 2100F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.6.4 Chemi-STEM Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4 The Nanosys: A Guide to Nanoparticle Growth 74
4.1 Chapter Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.2 Optimising Deposition Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.3 The Quadrupole Mass Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.3.1 The Mass Filter Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.3.2 The Stability of the Mass Filter Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.4 The Effect of Bias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.5 The Effect of Target Height on the Observed Nanoparticle Flux . . . . . . . . . . . . . . . . . 82
4.6 The Effect of Gas to the Core-Shell-Coater on Observed Nanoparticle Flux . . . . . . . . . . 82
4.7 The Effect of Oxygen on observed Nanoparticle Flux . . . . . . . . . . . . . . . . . . . . . . . 83
4.8 Sample Placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
iv
5 Silver Nanoparticles 87
5.1 Chapter Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.2 Size Control of Silver Nanoparticles and their Agglomeration . . . . . . . . . . . . . . . . . . 88
5.3 Ageing of Silver Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3.1 Facet Dependence of Shedding Behaviour . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.3.2 Environmental Effects on Shedding Behaviour . . . . . . . . . . . . . . . . . . . . . . . 100
5.4 Studying Oxygen Incorporation in Lattice with HR-TEM . . . . . . . . . . . . . . . . . . . . 105
5.5 Equilibrium and Preferred Orientations of Silver . . . . . . . . . . . . . . . . . . . . . . . . . 111
5.5.1 Observed Shapes of Silver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.6 Coalescence of Silver Nanoparticles Under the Electron Beam . . . . . . . . . . . . . . . . . . 121
5.6.1 Evidence of Long Range Attraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.6.2 Ostwald Ripening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
5.6.3 Mixed Coalescence, Ostwald Ripening and Coalescence Avoidance . . . . . . . . . . . 141
5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
6 Wetting of Silver on Gold 148
6.1 Chapter Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
6.2 Gold Size Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
6.3 Aging of Gold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
6.4 Coalescence of Pure Gold under the Electron Beam . . . . . . . . . . . . . . . . . . . . . . . . 155
6.4.1 Typical Coalescence Behaviour of Gold . . . . . . . . . . . . . . . . . . . . . . . . . . 155
6.4.2 Other Unusual Phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
6.5 Gold-Silver Wetting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
6.5.1 Mixed Wetting and Ostwald Ripening . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
6.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
7 Nickel Nanoparticles 177
7.1 Chapter Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
7.2 Nickel Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
7.3 Nickel Nanocubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
7.4 TEM Studies of Aged Particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
7.5 Transformation of Nanocubes to Core-Shell Nanospheres Under Irradiation with Electron Beam188
7.6 Transformation of Nanocubes to Core-Shell Nanopoppys Under Irradiation with Electron Beam193
v
7.6.1 Shell Growth With Time: Silver or Nickel Oxide? . . . . . . . . . . . . . . . . . . . . . 197
7.7 The Enhanced Morphological Stability of Aged Nanocubes . . . . . . . . . . . . . . . . . . . . 198
7.8 Chemi-STEM Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
7.8.1 Core-Shell Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
7.8.2 Variations in Shell Composition for different Nickel Nanoparticle Shapes . . . . . . . . 202
7.8.3 Evidence of Inter-Particle Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
7.8.4 The Possible Presence of Silver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
7.8.5 The Early Stages of Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
7.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
8 Conclusions and Future Work 214
8.1 Size Control of Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
8.2 Nanoparticle Morphologies created using UHV Deposition . . . . . . . . . . . . . . . . . . . . 215
8.2.1 Silver Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
8.2.2 Gold Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
8.2.3 Nanocube Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
8.3 Environmental Contamination and Ageing of Nanoparticles . . . . . . . . . . . . . . . . . . . 217
8.3.1 Ageing of Silver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
8.3.2 Oxygenation of Silver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
8.3.3 Oxidation of Nickel Nanocubes under the Electron Beam . . . . . . . . . . . . . . . . 219
8.4 Nanoparticle Coalescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
8.4.1 Gold-Silver Wetting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
References 227
Appendices 250
A 251
A.1 Silver, silver oxide and silver sulphide d-spacings . . . . . . . . . . . . . . . . . . . . . . . . . 251
A.2 Gold d-spacings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
A.3 Nickel d-spacings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
B 253
B.1 EDX on clean carbon foil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
vi
C 255
C.1 Experimental Conditions for Depositions of Nanoparticles . . . . . . . . . . . . . . . . . . . . 255
C.1.1 Silver Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
C.1.2 Gold Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
C.1.3 Titanium Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
C.1.4 Nickel Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
C.2 Nickel Nanocubes Synthesis Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
D 259
D.1 Supplementary Videos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
E 260
E.1 Electron Beam Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
E.1.1 Bright Field Experiments on the Jeol 2100 . . . . . . . . . . . . . . . . . . . . . . . . 260
E.1.2 Bright Field Experiments on the Titan . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
E.1.3 Chemi-STEM Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
F 262
F.1 Holography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262
F.2 Holography and Lorentz-TEM Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264
F.3 Holography Studies of the Coalescence of Silver Nanoparticles . . . . . . . . . . . . . . . . . . 267
F.4 Holography and Lorentz TEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
F.4.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276
vii
List of Figures
1.1 Facets of FCC metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.2 Single crystal diffraction patterns for facets of FCC metals . . . . . . . . . . . . . . . . . . . . 10
1.3 Example hysteresis curve for a ferromagnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4 The magnetisation versus temperature curves for a superparamagnet under ZFC and FC . . . 13
1.5 How preferential growth influences the final morphology of the nanoparticle . . . . . . . . . . 19
1.6 Some of the different shapes that occur for FCC nanoparticles . . . . . . . . . . . . . . . . . . 23
1.7 The mismatch in angles of a 5-fold twinned decahedron as a result of increasing diameter . . 24
1.8 A marks decahedron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.9 Variations in MTPs that occur for varying the growth parameter . . . . . . . . . . . . . . . . 26
1.10 High symmetry orientations of decahedra with a planar substrate . . . . . . . . . . . . . . . . 27
1.11 High symmetry orientations of icosahedra with a planar substrate . . . . . . . . . . . . . . . . 27
2.1 Nanosys UHV deposition device . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.2 Generation of Nanoparticles with Nanoparticle source . . . . . . . . . . . . . . . . . . . . . . 42
2.3 Cross-section and basic operation of a magnetron sputtering source . . . . . . . . . . . . . . . 43
2.4 Schematic to show the operation of a quadrupole mass filter . . . . . . . . . . . . . . . . . . . 45
2.5 An example MesoQ spectrum for silver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.6 The lenses an apertures of which a TEM column is comprised . . . . . . . . . . . . . . . . . . 49
2.7 Schematic showing the electron beam interactions with the sample in TEM . . . . . . . . . . 51
2.8 Schematic showing the BF, DF and HR-TEM beam optics . . . . . . . . . . . . . . . . . . . . 52
2.9 Ray diagram showing effects of spherical aberration . . . . . . . . . . . . . . . . . . . . . . . 53
2.10 Micrograph showing effects of spherical aberration . . . . . . . . . . . . . . . . . . . . . . . . 53
2.11 Micrograph showing effects of delocalisation due to spherical aberration . . . . . . . . . . . . 53
2.12 Moire´ fringes examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.13 Schematic to highlight methodology for SAD and FFT analysis . . . . . . . . . . . . . . . . . 57
viii
2.14 Electron Optics for a STEM column. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.1 Generation of Nanoparticles with Nanoparticle source . . . . . . . . . . . . . . . . . . . . . . 63
3.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.1 A typical mass filter spectrum for silver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.2 Effect of time on the mass filter signal for a silver deposition without a plasma . . . . . . . . 77
4.3 Effect of time on the mass filter signal for a gold deposition . . . . . . . . . . . . . . . . . . . 77
4.4 Effect of successive nickel depositions on the mass filter signal . . . . . . . . . . . . . . . . . . 78
4.5 Stability of mass filter signal for titanium experiments . . . . . . . . . . . . . . . . . . . . . . 79
4.6 The effect of bias on nanoparticle flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.7 A tentative relationship between bias and signal attenuation . . . . . . . . . . . . . . . . . . . 82
4.8 Effect of oxygen on the mass filter signal for a titanium deposition . . . . . . . . . . . . . . . 83
4.9 Effect of oxygen on the mass filter signal for a silver deposition with a plasma . . . . . . . . . 84
4.10 Effect of time on the mass filter signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.1 TEM analysis of Ag nanoparticles of different filter sizes . . . . . . . . . . . . . . . . . . . . . 89
5.2 Graph showing the apparent particle size of silver nanoparticles compared to their mass filtered
size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3 Graph showing change in particle equivalent diameter for varying surface coverage . . . . . . 91
5.4 TEM micrographs of ‘fresh’ versus 17.3 week aged silver nanoparticles . . . . . . . . . . . . . 92
5.5 TEM analysis of Ag nanoparticles filtered at 4 nm taken 17.3 weeks after deposition . . . . . 93
5.6 TEM analysis of Ag nanoparticles filtered at 8 nm taken 4.3 weeks after deposition . . . . . . 94
5.7 TEM analysis of Ag nanoparticles filtered at 10 nm taken 2.5 weeks after deposition . . . . . 95
5.8 Comparison of shedding behaviour with that observed in literature . . . . . . . . . . . . . . . 97
5.9 Shedding on single and polycrystalline substrates after 4 hours of water exposure . . . . . . . 99
5.10 Shedding on single and poly crystalline substrates after 0.4 weeks water exposure . . . . . . . 99
5.11 Lattice analysis of shedded agglomerates from (110) substrate after 0.3 weeks water exposure 100
5.12 Micrograph showing initial particle landscape of samples used for environmental shedding . . 101
5.13 Silver nanoparticles aged under different environmental conditions . . . . . . . . . . . . . . . 103
5.14 Low magnification micrograph of aged silver nanoparticles kept in light, hydrated conditions . 104
5.15 EDX on aged samples, to look for presence of sulphur in shedded nanoparticles . . . . . . . . 105
5.16 HR-TEM micrograph of 4 nm filtered naturally aged Ag nanoparticles . . . . . . . . . . . . . 106
ix
5.17 A TEM micrograph of a silver sample produced by flowing 3 sccm of oxygen into the Nanosys
during deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.18 HR-TEM image of 3 nm filtered Ag nanoparticles oxidised in-situ with 3 sccm of gas flow . . 107
5.19 TEM micrograph of oxygenated silver nanoparticles, prepared using 150 W RF plasma . . . . 108
5.20 HR-TEM image of 3 nm filtered Ag nanoparticles oxidised in-situ using a 150 W oxygen
plasma with 3 sccm of gas flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.21 EDX on Dep. AgO3nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.22 TEM image of nanoparticles deposited in a 300W oxygen plasma . . . . . . . . . . . . . . . . 111
5.23 An observed 10nm diameter decahedron in Dep. Ag(3) . . . . . . . . . . . . . . . . . . . . . 112
5.24 An observed 3 nm diameter decahedron in Dep. Ag(3) . . . . . . . . . . . . . . . . . . . . . 113
5.25 The rotation under the electron beam of a Marks decahedron . . . . . . . . . . . . . . . . . . 114
5.26 Icosahedra from Dep. Ag(3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
5.27 Icosahedra from Dep. Ag(2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.28 The transformation of an icosahedra to an icosahedra with pyramidal capping . . . . . . . . 118
5.29 A TEM image of a particle made up of smaller multiply twinned nanoparticles . . . . . . . . 119
5.30 Particle landscape of Dep. Ag10nm(2) , which has many highly non-equilibrated shapes. . . . 120
5.31 Three multi-faceted, non-equilibrium particles from Dep. Ag10nm(2) . . . . . . . . . . . . . 120
5.32 Histogram and Kernel density plot for particle diameters of sample predominately studied for
coalescence effects under E-beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5.33 A coalescence event from Dep. Ag10nm(2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.34 A coalescence event from Dep. Ag10nm(2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
5.35 Graphs showing the rate of approach of three smaller particles to the larger particle in Figs.
5.33and 5.34 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.36 Coalescence series α from Dep. Ag10nm(2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
5.37 Coalescence series β from Dep. Ag10nm(2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.38 Coalescence series ‘γ’ from Dep. Ag3nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
5.39 The evolution of the neck radius with time . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.40 Micrographs of an ‘isolated’ particle before and after beam exposure . . . . . . . . . . . . . . 130
5.41 Micrograph series showing evidence of long range attractions between silver nanoparticles,
Part 1: distortions of an isolated particle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
5.42 Micrograph series showing evidence of long range attractions between silver nanoparticles,
Part 2: Interactions that occur when the other particle is in the field of view. . . . . . . . . . 133
x
5.43 Micrograph series showing evidence of long range attractions between silver nanoparticles,
Part 3: neck formation and coalescence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5.44 Ostwald ripening events from Dep. Ag10nm(2) . . . . . . . . . . . . . . . . . . . . . . . . . . 137
5.45 Shrinkage plots for Figure 5.44 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.46 Ostwald ripening and accompanying morphology change of a smaller particle into a larger
particle in Dep. Ag(3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.47 The shrinkage of a particle from Dep. Ag(3) with time . . . . . . . . . . . . . . . . . . . . . . 141
5.48 The ability of small nanoparticles to avoid coalescence. . . . . . . . . . . . . . . . . . . . . . . 144
5.49 Graph to show ability of small particles to avoid coalescence . . . . . . . . . . . . . . . . . . . 145
5.50 Close ups showing particle morphologies of some of the particles from the image series in Fig.
5.48 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
6.1 TEM micrographs of various depositions of gold, with different mass filter sizes. . . . . . . . . 151
6.2 Graph showing the variation in apparent particle diameter with mass filter size for gold
nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
6.3 Graph showing the variation in surface coverage with the apparent particle diameter of gold
nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
6.4 Micrographs of gold samples after 4.3 weeks of ambient aging . . . . . . . . . . . . . . . . . . 154
6.5 Micrographs of gold samples after 4.3 weeks of ambient aging . . . . . . . . . . . . . . . . . . 155
6.6 Micrographs of a typical coalescence event of gold nanoparticles . . . . . . . . . . . . . . . . . 156
6.7 Micrographs showing coalescence of a pair of gold decahedra . . . . . . . . . . . . . . . . . . . 157
6.8 Micrographs of the coalescence of two pairs of gold nanoparticles from Dep. Au7nm . . . . . 159
6.9 Micrographs showing the interaction of a highly mobile 2 nm diameter gold particle through
a 9 nm diameter gold particle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
6.10 Graph to show the speed of a small highly mobile particle as it passes through a larger particle162
6.11 Micrographs showing the rotation of gold particles under the beam . . . . . . . . . . . . . . . 163
6.12 FFTs of particle “I” from Fig. 6.11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
6.13 TEM image of gold deposited for gold-silver wetting experiments . . . . . . . . . . . . . . . . 165
6.14 TEM micrographs of silver deposited ontop of gold for gold-silver wetting experiments . . . . 165
6.15 EDX on mixed gold and silver samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
6.16 TEM micrographs taken from an image series depicting the wetting of a silver nanoparticle
on gold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
xi
6.17 Fig. 6.16 continued . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
6.18 Wetting of an 8 nm diameter equilibrated silver nanoparticle with two coalescing 8 nm gold
particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
6.19 Micrographs from a series showing the combined Ostwald ripening and surface wetting of
silver onto gold for Dep. AgAu2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
7.1 TEM micrograph of spherical nickel nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . 178
7.2 HR-TEM image of a nickel cluster . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
7.3 TEM micrographs of nanocubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
7.4 HR-TEM of a single nanocube . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
7.5 Histogram and K-density plot of nanocubes for Dep. Ni(1) . . . . . . . . . . . . . . . . . . . 183
7.6 Anomalous large cube . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
7.7 TEM of nanocubes after 17.2 weeks in ambient conditions . . . . . . . . . . . . . . . . . . . . 185
7.8 TEM of large nanocubes before and after 17.2 weeks in ambient conditions . . . . . . . . . . 185
7.9 EDX on fresh and 4 month aged nanocubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
7.10 SAD of nickel nanocubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
7.11 TEM micrographs of nanocubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
7.12 Lattice analysis of a Core-Shell Nickel Nanoparticle . . . . . . . . . . . . . . . . . . . . . . . . 190
7.13 High resolution micrographs of the cubic to spherical core-shell transition . . . . . . . . . . . 192
7.14 Series of TEM micrographs of nanocubes driven to transform to nanopoppys under 80 kV
electron illumination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
7.15 Lattice analysis of nanopoppy core and shell . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
7.16 Graphs showing the increase in thickness of the shell and shell area with time . . . . . . . . . 198
7.17 Micrographs to show effect of beam exposure on pre-aged nanocubes . . . . . . . . . . . . . . 199
7.18 Elemental composition maps for a core-shell nanocube . . . . . . . . . . . . . . . . . . . . . . 200
7.19 EDX spectrum of the particle depicted in Fig. 7.18 . . . . . . . . . . . . . . . . . . . . . . . 201
7.20 STEM images of a pair of hexagonal nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . 204
7.21 Elemental maps for Fig. 7.20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
7.22 Elemental composition images, together with elemental profiling for hexagonal nanoparticles . 206
7.23 STEM images of 2 nanocubes and a core shell particle . . . . . . . . . . . . . . . . . . . . . . 207
7.24 EDX spectrum of two nanocubes and a core shell particle . . . . . . . . . . . . . . . . . . . . 208
7.25 STEM of the two nanocubes and core shell particle, after transformation . . . . . . . . . . . . 209
xii
7.26 STEM images of a nanocube with very little initial oxide build-up before and after EDX
acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
7.27 Elemental composition maps taken from first EDX acquisition of Fig. 7.26 . . . . . . . . . . . 211
7.28 Elemental composition maps taken from second EDX acquisition of Fig. 7.26 . . . . . . . . . 211
7.29 Line profiles showing nickel content in core and shell regions from a cubic nanopoppy and a
uniform core-shell nanocube . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
B.1 EDX map of a ‘clean’ carbon foil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
B.2 Diffraction pattern for a ‘clean’ carbon foil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
F.1 Schematic of the TEM column arrangement used for off-axis electron holography . . . . . . . 263
F.2 The processing of a holograph to extract phase . . . . . . . . . . . . . . . . . . . . . . . . . . 266
F.3 Series of electron holographs of a silver coalescence Event . . . . . . . . . . . . . . . . . . . . 270
F.4 Amplitude and phase images for Fig. F.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
F.5 Amplitude and phase images for Fig. F.3, continued . . . . . . . . . . . . . . . . . . . . . . . 272
F.6 Lattice and FFT analysis of the excess crystalline material observed in Fig. F.3 . . . . . . . . 273
F.7 Holography on a large multi-grained nanocube . . . . . . . . . . . . . . . . . . . . . . . . . . 274
F.8 Holography on mixed shaped nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . 275
F.9 Holography on a large multi-grained nanocube . . . . . . . . . . . . . . . . . . . . . . . . . . 276
xiii
List of Tables
1.1 Table of important properties which define the interactions of bimetallic nanoparticles . . . . 16
1.2 Common capping agents for creating shaped nickel nanocubes . . . . . . . . . . . . . . . . . . 20
1.3 Common capping agents for creating shaped silver nanocubes . . . . . . . . . . . . . . . . . . 20
1.4 Morphology dependence with particle diameter . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.1 Measured particle diameters of silver nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2 Measured d-spacings for Fig. 5.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.3 Measured d-spacings for Fig. 5.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.4 Measured d-spacings for Fig. 5.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.5 Measured d-spacings for Fig. 5.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.1 Measured particle diameters of gold nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . 152
6.2 Surface coverages of silver and gold for wetting experiments . . . . . . . . . . . . . . . . . . . 166
6.3 Elemental quantification of Dep. AgAu2 and Dep. AgAu3 from EDX data . . . . . . . . . . . 167
7.1 Measured d-spacings for Fig. 7.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
7.2 Measured d-spacings for Fig. 7.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
7.3 Observed surface coverages for Experiment 1 samples. A 10% measurement error applies to
all surface coverage measurements, due to propagation of errors from calculating particle size. 181
7.4 Average nanocube size for various depositions . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
7.5 Relative elemental compositions of fresh and aged nanocubes . . . . . . . . . . . . . . . . . . 186
7.6 Indexed diffraction data for aged nanocubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
7.7 Measured d-spacings for core region Fig. 7.12 . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
7.8 Measured d-spacings for shell region in Fig. 7.12 . . . . . . . . . . . . . . . . . . . . . . . . . 191
7.9 Measured d-spacings for shell region in Fig. 7.13 . . . . . . . . . . . . . . . . . . . . . . . . . 192
7.10 Measured d-spacings for core region in Fig. 7.15 . . . . . . . . . . . . . . . . . . . . . . . . . 197
xiv
7.11 Measured d-spacings for shell region in Fig. 7.15 . . . . . . . . . . . . . . . . . . . . . . . . . 197
7.12 Relative elemental compositions cores and shells of oxidised nanocubes . . . . . . . . . . . . . 203
A.1 d-spacings of silver, silver(I) oxide and silver sulphide . . . . . . . . . . . . . . . . . . . . . . 251
A.2 d-spacings of gold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
A.3 d-spacings of nickel and nickel(II) oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
B.1 Elemental quantification for a ‘clean’ carbon foil . . . . . . . . . . . . . . . . . . . . . . . . . 253
C.1 The experimental conditions for the pure silver nanoparticle depositions . . . . . . . . . . . . 255
C.2 The experimental conditions for the depositions of silver with in-situ oxygenation . . . . . . . 255
C.3 The experimental conditions for the depositions of gold nanoparticles . . . . . . . . . . . . . . 256
C.4 The experimental conditions for the depositions of silver and gold for wetting experiments . . 256
C.5 The experimental conditions for the depositions of titanium and titanium oxide nanoparticles 256
C.6 Summary of experimental conditions for all nickel depositions . . . . . . . . . . . . . . . . . . 257
C.7 Observed surface coverages for Experiment 1 samples . . . . . . . . . . . . . . . . . . . . . . . 258
E.1 Beam conditions for experiments performed on the Jeol 2100F . . . . . . . . . . . . . . . . . 260
E.2 Beam conditions for experiments performed on the Titan . . . . . . . . . . . . . . . . . . . . 261
E.3 Beam conditions for Chemi-STEM measurements . . . . . . . . . . . . . . . . . . . . . . . . . 261
F.1 Beam conditions for holography measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 265
xv
0.2 Acronyms
a-C amorphous carbon
AC Alternating Current
ADF Annular Dark Field
APT Atom Probe Tomography
BDE Bond Dissociation Energy
BF Bright Field
CSD Chemical Solution Depositon
CVD Chemical Vapour Deposition
CBM Conduction Band Minimum
CTAC cetyltrimethylammonium chloride
CTEM Conventional Transmission Electron Microscopy
DC Direct Current
DF Dark Field
EDX Energy Dispersive X-ray Spectroscopy
EELS Electron Energy Loss Spectroscopy
ELNES Energy-Loss Near-Edge Structure
ESD Electron Stimulated Desorption
FCC Face Centered Cubic
FEG Field Emission Gun
FC Field-Cooled
FCC Face Centred Cubic
FFT Fast Fourier Transform
FM Frank-van-Der-Merwe
GMR Giant Magnetoresistance
xvi
HAADF High-Angle Annular Dark Field
HER Hydrogen Evolution Reaction
HCP Hexagonal Close Packing
HiPPES High Pressure Photoelectron Spectroscopy
HR-TEM High Resolution Transmission Electron Microscopy
HV High Vacuum
ICP Inductively Coupled Plasma
IGA Inert Gas Aggregation
IR Infra-Red
LSPR Localised Surface Plasmon Resonance
MD Molecular Dynamics
MFC Mass Flow Controller
MTP Multiply Twinned Particle
NIR Near Infra-Red
NKE Nanoscale Kirkendall Effect
OA Oriented Attachment
OER Oxygen Evolution Reaction
PEC Photoelectrochemical
PVD Physical Vapour Deposition
PVP poly(vinyl pyrrolidone)
QCM quartz crystal monitor
RF Radio Frequency
ROI Region of Interest
SAD Selected Area Diffraction
SDD Silicon Drift Detector
xvii
SEM Scanning Electron Microscope
S.E.P Standard Electrode Potential
SK Stranski-Krastanow
SPR Surface Plasmon Resonance
SNR Signal-to-Noise Ratio
STEM Scanning Transmission Electron Microscopy
STH Solar to Hydrogen
STM Scanning Tunnelling Microscopy
TEM Transmission Electron Microscopy
UHV-STM Ultra High Vacuum Scanning Tunnelling Microscopy
UHV Ultra High Vacuum
UV Ultra-Violet
VBM Valence Band Maximum
VW Volmer-Weber
XPS X-ray Photoelectron Spectroscopy
XRD X-Ray Diffraction
ZFC Zero-Field-Cooled
xviii
Glossary
σ cross section. 61
α growth parameter. 112, 117, 127, 180, 216, 223
Cc Chromatic Aberration. 53
Cs Spherical aberration. 51, 52, 53, 69
Eo electron energy. 60, 61
F (θ) structure factor. 55, 56
GCSC the argon gas to the core-shell coater. 65, 66, 75, 82
GM60 the oxygen gas to the RF plasma source. 66
GMC the argon gas to the main chamber. 82
GN the argon gas supplied to the nanogen. 65, 66, 75, 82
Hc coercivity. 12, 13
Ku magnetocrystalline anisotropy. 13, 16
Mr remanence magnetisation. 12
Ms saturation magnetisation. 12
OCSC the oxygen gas to the core-shell coater. 256
PCSC the power applied to the core-shell coater. 65, 66, 75, 180
PM60 the power to the RF plasma source. 66, 255
PN the power applied to the nanogen. 65, 66, 75, 180
Tb the blocking temperature of a superparamagnetic material. 12, 13
xix
Th the target height. 65, 75, 82, 180
Vo Mean Inner Potential. 54, 263, 264, 267, 273
W work function. 15
Wo Overlap width. 262, 266
pMC the pressure in the main chamber. 75, 82
rc the critical radius at which a nanoparticle becomes superparamagnetic. 12
td the total deposition time. 75, 181
A the potential of a reversible electrode at standard state. All values in this work are given in reference to
standard hydrogen electrode. 201
H magnetic field strength. 11
M magnetisation. 11, 12
xx
Chapter 1
Introduction
1
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1.1 Nanotechnology
Nanotechnology is one of the hot topics in science and has enjoyed exceedingly rapid growth as a subject
area since the late 1980s. A search on web of knowledge shows more than 25,000 ‘nano’ papers published in
2014 alone. The reason for this is that with nanoparticles, the electronic and optical properties are often very
different when compared to that of bulk materials. Additionally, the surface will have a strong influence on
the properties of the materials, with behaviour determined by structural relaxation and surface reconstruction
[1–4]. The differing properties of nanoparticles means that there are potentially many new applications for
existing materials; rather than synthesising new materials, existing materials can be manipulated in novel
ways. The range of applications for nanomaterials is incredibly broad: from medicine, to electronics, to
energy, and catalysis [5–9].
With the rapidly expanding field of nanotechnology, there is a world-wide rush to exploit the unique proper-
ties of nanomaterials in as many applications as possible; for example we see nano-silver used in antibacterial
clothing, in controlled drug release for cancer treatment, and in catalysis [10–12]. The field is developing
fast, yet there are still significant gaps in our knowledge on a very fundamental level. There is much we do
not understand about the long term effects of these nanoparticles on ourselves and on the environment [13].
An often referred to example is asbestos. In the late 19th Century, the desirable properties of asbestos had
begun to be exploited, resulting in their successful utilisation in a whole host of applications, from building
materials to heat-proofing to sound insulation and many more [14]. It was many years later before it was
understood that asbestos inhalation was fatal. Nowadays, nanoparticles with long aspect ratios are treated
with caution due to their morphological resemblance to asbestos fibres. However, not enough research has
been conducted to dismiss other nanoparticle morphologies as ‘safe’, since the technology is so new.
Within this introductory chapter, the materials that have been studied will be discussed, their properties
explored and their potential uses in technology outlined. The importance of size and shape control of
nanoparticles will be discussed, along with methodologies that are commonly employed to create nanoparti-
cles with interesting morphologies. The existing theories for coalescence between metal nanoparticles will be
reviewed, and the evolution of such events will be outlined. The chapter will first begin though by comparing
the chosen synthesis route for these nanoparticles with other commonly used methods.
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1.2 Common Methods for Nanoparticle Synthesis
The gold, silver and nickel nanoparticles studied in this thesis were all produced using a Nanosys500, abbre-
viated to ‘Nanosys’ , which is an Inert Gas Aggregation (IGA) source with a built-in core-shell coater. The
specifics of this machine will be discussed in Chapter 2. However, a brief overview of the various deposition
methods available for nanoparticle synthesis, together with some of the chemical deposition techniques, will
be outlined in this chapter.
Deposition methods can be divided into 3 groups; physical methods, chemical methods and mixed (chemical
+ physical) methods. For each type of deposition, the process can usually be de-constructed into 3 stages:
• Deposition material flux formulation
• Material transportation
• Processes on the substrate surface
1.2.1 Physical Deposition Methods
Physical deposition methods include thermal evaporation [15,16], laser ablation deposition [17,18] and sput-
tering processes. Sputtering processes can include ion guns, hollow-cathode plasma sources [9], and electron-
gun evaporation [19]. The physical deposition techniques are to some extent comparable in that they rely on
the homogeneous nucleation of target material in a gas or vapour phase, followed by the condensation into
clusters and coagulation into larger particles. The IGA deposition process used in the Nanosys fits into the
category of ‘sputtering processes’, which includes any process whereby atoms from a solid target material
are ejected into the gas phase due to bombardment of the material by energetic ions, and transported to
a substrate. This therefore includes ion-beam sputtering, ion assisted deposition and magnetron sputter-
ing [20]. The Nanosys uses magnetron sputtering, which differs from conventional sputtering in that the
magnetron increases the overall sputtering rate, though is not essential as the application of a bias between
the substrate and target is often sufficient to sputter material from the target. It is also an IGA technique,
which loosely includes the techniques of resistive evaporation [21], laser evaporation [22], and sputtering. An
IGA technique is one whereby material is evaporated in a cool inert gas at low-pressure, and the gas is used
as a carrier to take the nanoparticles from the source to the target [9].
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1.2.2 Chemical and Mixed Deposition Methods
Chemical deposition methods are those that rely on a chemical reaction in a reactor or on a substrate. These
methods include chemical vapour condensation [23], flame reactors [24] and plasma reactors [25]. Mixed
deposition methods include reactive sputtering, atomic layer deposition, and molecular beam epitaxy [26].
1.2.3 Chemical Solution Techniques
Many nanoparticles are made using solution based chemical methods, which is often the preferred method
in nanoparticle research as these methods are often easily tailorable, have low production costs and batch
size can be easily varied. However the disadvantage of such methods compared to, for example, UHV
synthesis methods, is that the particles produced are often less clean, due to the necessity of using organic
surfactants to prevent agglomeration in solution. Drawing a parallel between chemical solution methods
and fabricating nanoparticles using the Nanosys500 is not straightforward, as the processes vary greatly, but
typically deposition methods allow for a greater degree of control and much less trial and error is involved
in order to attempt to create similar nanoparticle systems.
Wet chemical techniques are incredibly vast, and so this section will just focus on the most commonly used
methods for the materials of interest in this thesis, that is; silver, nickel and gold.
Polyol synthesis, which is the reduction of inorganic salt precursor by polyol at elevated temperature, has
been used as route to colloidal nanoparticles, including Ag, Au, and Ni but also many others such as Cu,
Co, Ir, Pd, Pt, Ru, CoNi and FeNi [27–29]. Often poly(vinyl pyrrolidone) (PVP) is added to prevent
agglomeration [30]. This is of particular relevance for the synthesis of silver nanoparticles, since this is one
of the most common methods of their production [30], and is particularly attractive since controlling the
concentration of PVP can control the shape of the resultant nanoparticles [31]. A more common route to
silver, though, is the reduction of AgNO3. This is used commonly since it has good solubility in polar
solvents, however it has the problem that it is sensitive to light, which can change which Ag species are
present in the solution, which in turn effects the end morphology of the nanocrystals in a manner which is
not entirely controllable [6]. For gold, the most common wet-chemical route to nanoparticles is to reduce
AuCl4 with ascorbic acid [32], although electrochemical [33] and photochemical [34] routes have also attracted
attention. For nickel, synthesis is more complicated, since nickel nanoparticles oxidise very rapidly, they must
be protected from oxygen during synthesis, usually achieved by performing the reaction under a H2 flow [35].
The most commonly used precursor is [Ni(cod)2] with various solvents [36,37].
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In general, there are various advantages of gas-phase processing over wet-chemical techniques [9];
• The purity of the nanoparticles can be increased, since all solutions tend to contain high levels of
impurities.
• Greater degree of control over important aspects of the nanoparticles such as size, crystallinity, ag-
glomeration, porosity, homogeneity and stoichiometry. In theory these can all be controlled by varying
the process parameters, giving a greater degree of reproducibility.
Most of the physical deposition techniques are usually optimised to produce thin films, and modifying the
methods to produce nanoparticles represents a technical challenge. Often there are significant problems with
a specific technique, such as nanoparticle inhomogeneity in plasma reactors due to non-uniform cooling, or
the tendency towards agglomeration in flame reactors [9]. In general, magnetron sputtering is a high output,
high purity, high vacuum technique with well controllable results. The ease with which smaller nanoparticles
(1-10nm) can be fabricated is a significant advantage over many other techniques.
1.3 Applications of Silver, Gold and Nickel Nanoparticles
All three of the materials that are the focus of this thesis have enormous technological value. In nanopartic-
ulate form, all of these metals exhibit interesting and unique properties that give them potential for novel
applications, discussed in Section 1.4.
1.3.1 Important Applications of Silver
Medicine
It is well known that silver has anti-microbial properties, to the extent where products are openly marketed
as containing ‘nano-silver’ to attract customers, examples include nanosilver soap and lotions [38], or ‘fresh-
feetTM ’ socks [39], which both claim to exploit the anti-bacterial properties of silver to thwart bodily odours.
The plethora of nano-silver products coming to the market has sparked concern about unknown health risks
that long term exposure to these materials may cause. The use of silver is more established in medicinal
applications, including in dressings for wounds or burns, coatings on implants and as a disinfectant spray,
all of which exploit its anti-bacterial properties. Silver has anti-microbial effects on the bulk scale but a
far greater activity is seen on the nano-scale [40]. The increase in silver’s activity for preventing growth of
microbes is not fully understood, however one proposed mechanism is that free radicals form on the surface
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of nanoscale-silver, which are able to breakdown the membranes of the lipids in bacteria [41].
Catalysis
The applications of silver in catalysis are numerous, and a very brief outline of some of them is included in
this section. In particular, silver is a useful catalyst for the production of ethylene oxide, which is used in the
production of the highly useful industrial precursor ethylene glycol [42]. Silver is also used in the synthesis of
heterocyclic compounds because it is possible to create complicated molecules without the need for extreme
conditions, and hence they represent a reduction in cost. Detailed reviews of all such reactions can be found
in [43, 44]. A common use of silver is as a catalyst for the oxidation of methane into useful hydrocarbons.
The partial oxidation of methane to formaldehyde is of particular interest [45]. The usefulness of silver in
this reaction depends on how well it can remove hydrogen from methane, which relies on the presence of
adsorbed oxygen on the silver surface [46,47]. There are various salts of silver which have many uses due to
their insolubility, and are often used in reactions where halogens are involved, since silver is a ‘halogenophile’
which reacts to form silver halides [44].
Photocatalysis
Silver nanoparticles have been used as co-catalysts to enhance the efficiency of existing photocatalysts. This
has been studied in terms of the degradation of dyes by the electron relay effect. A clear enhancement,for
example, has been observed between bare TiO2 and silver nanoparticle decorated TiO2 [48,49]. Ag nanopar-
ticles are also known to be active photocatalysts on insulating surfaces that are not themselves photoactive.
In such systems there is no electron transfer between the support and nanoparticles, light harvesting and
catalysis occurs entirely on the nanoparticles [50,51].
Solar Cells
The use of silver in solar energy is not limited to photocatalysis, there has been some success in using thin
metallic nanocluster layers as donor-acceptor junctions between stacked photovoltaic cells [52]. It is thought
that higher efficiencies are obtained due to optical field enhancement due to plasmon generation on cluster
surfaces [53]. Silver, like many other noble metals, displays Localised Surface Plasmon Resonance (LSPR),
which will be discussed in Section 1.4. This leads to silver having potential in surface plasmon enhanced
silicon solar cells [54, 55]. Silver again finds use in solar cells as a transparent conducting electrode, where
random networks of silver nanowires are used for their high conductivity and optical transmittance [56].
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For all applications, the adsorption of water and oxygen, and then potential of oxygen to incorporate itself
into the silver lattice and thereby form oxides, will effect the usefulness of silver. In real life situations,
exposure to water and oxygen is unavoidable and so it is essential to understand the effect of these on the
surfaces and the lattice of silver. The reaction of environmental contaminants with silver will be discussed
in Section 1.10.3. In addition to this, small sizes are often key to the usefulness of the particles, for many
applications, for example those utilising the LSPR of silver nanoparticles, it is critically important that
nanoparticles are only a few nm in size, and any coalescence events could significantly reduce the active
properties of the nanoparticles.
1.3.2 Important Applications of Gold
Biological Applications
Gold nanoparticles are extensively used in biological applications [7,10,11]. They are particularly attractive
due to their low toxicity [57], and also due to their LSPR properties [58], which will be discussed in Section 1.4.
Since low toxicity is key for such applications, many wet chemical routes to their synthesis are undesirable,
since they can leave toxic remnants on the nanoparticles. The LSPR properties are exploited by shape
manipulation, usually to gold nanorods, which are sensitive to Near Infra-Red (NIR) radiation. Biological
tissue and water absorb little radiation in this part of the electromagnetic spectrum, and so it is possible
to activate gold nanoparticles inside the body without adversely affecting the patient. This makes the
nanoparticles useful for a whole host of applications, for example in photothermal cancer targeting it is
possible to locally heat the cancer cells by activating the gold nanoparticles conjugated with cancer targeting
chemicals. Other techniques that exploit the LSPR of gold nanoparticles include, but are not limited to:
bioimaging of tumours, biosensing, and targeted drug delivery [59].
Catalysis
Gold nanoparticles are an interesting catalyst as gold is known to be very inert and inactive in the bulk,
and gold was long dismissed as a ‘useless’ [60] material for catalysis. However it has since been seen
that gold nanoparticles are incredibly active for certain catalysis applications, but only for sub 10 nm
particles [61–65]. The most important applications are CO oxidation [66] and the epoxidation of propene [67].
Gold is particularly attractive since it is active at low temperatures, usually below 200oC [61]. Gold is usually
most active when supported by a metal oxide support, and activity is known to depend on the synthesis
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method, the contact with the support and the size of the particle [66]. The mechanism between the support
and gold nanoparticles that causes the high activity is debated, and has been attributed to the support
providing oxygen for active sites on the gold, charge transfer mechanisms between the support and the gold,
and negatively charged defects in the gold, and strain at the gold support interface [66].
1.3.3 Important Applications of Nickel
The applications of nickel largely centre on its magnetic properties, which will be discussed in more detail
in Section 1.4. For the use of nickel nanoparticles, the rapid oxidation of nickel to nickel oxide is often a
limiting problem. Nickel-oxide nanoparticles, along with their properties and applications will be discussed
in Section 1.10.
Biological Applications
Despite nickel being a known human carcinogen [68], nickel nanocubes find many applications in medicine.
Magnetic nanoparticles in general are useful as agents for magnetic resonance imaging contrast enhancement,
magnetic targeting of drug delivery and for magnetic separation of DNA, proteins and cells in various bio-
processes [69,70]. Nickel nanoparticles in particular have been used to magnetically separate histidine tagged
proteins, which is important since many vaccines are protein based.
Catalysis
Nickel nanoparticles have been repeatedly used in transfer hydrogenation of organic compounds, as an
alternative to expensive noble metals. Most commonly this is for olefins [71, 72], carbonyl compounds [73],
aldehydes [74] and chloronitrobenzenes [75]. Bulk nickel has been used for the oxidation of small organic
compounds, particularly methanol and ethanol, and work is being carried out to exploit nickel nanoparticles
for the same purposes [76]
Computing
Magnetic nanomaterials in general are often studied for their potential use in high density media storage,
where they offer a route to more compact, better performing magnetic hard disk drives [77]. Magnetic
sensors are used in the hard drives, also finding application in other electronic devices used in automobiles
and airplanes [78].
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Energy storage
Nickel nanoparticles have been explored for potential use in hydrogen storage applications. It has been
used as a dopant [79] and as a co-catalyst [80] for carbon as a hydrogen storage material, and also used
as a catalyst to release hydrogen from ammonia borane [81–83]. In both instances, it acts as a low-cost
replacement for expensive precious metal catalysts.
1.4 Material Properties
During the discussion of the applications of silver, gold, and nickel, the properties of these materials have
been alluded to but not covered in any depth. In this section, some of the more important properties of
nanoparticles of these metals will be given, with particular attention to the optical properties of silver and
gold and the magnetic properties of nickel.
1.4.1 Crystal Structures
The properties of all materials are of course affected by their structure. Silver, gold and nickel are all Face
Centred Cubic (FCC) metals, although on the nanoscale, basic properties inherent to the material are often
changed, resulting in anomalies such as the reported tetragonal and Hexagonal Close Packing (HCP) phases
of silver induced by the high stress in small nanoparticles [84].
The structures of the lowest energy facets for an FCC metal are shown in Fig. 1.1. Silver, gold and nickel
have lattice spacings of 0.409 A˚ , 0.352 A˚ and 0.408 A˚ respectively. Generally the activity of a material for
a particular catalytic reaction or other application will be dependent on its lattice spacing, which varies for
different facets and hence different facets of the same material display different activities [6]. Tables of the
d-spacings for these facets for each of the elements and common oxides (and in silver’s case, sulphide) are
given in Appendix A. These will be used to identify elements via High Resolution Transmission Electron
Microscopy (HR-TEM) analysis throughout this thesis.
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Figure 1.1: Facets of FCC metals; depicting the (a) (111), (b) (110) and (c) (100) planes. The FCC unit
cell is given in red and families of planes are given individual colours.
The single crystal diffraction patterns for these facets are shown in Fig. 1.2. These are useful for identifying
crystal structures through either Fast Fourier Transform (FFT) analysis or Selected Area Diffraction (SAD)
analysis.
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Figure 1.2: Single crystal diffraction patterns corresponding to the (a) [111], (b) [110] and (c) [100] directions
of FCC metals.
1.4.2 Electronic Properties
The electronic properties of metal nanoparticles have important effects on applicability and use in catalysis,
since they determine how easily the material will interact with molecules. Silver and gold are d10 transition
metals, i.e. they have fully occupied d-bands [61], whereas nickel has a partially filled d-band (d8 transition
metal). In magnetic materials, the d-band is responsible for the magnetic properties, and its filling will affect
those properties [9]. Silver is the most electrically and thermally conductive metal, partially due to its full
d-band, which is partly responsible for its widespread applications [85]. Generally for catalytic applications,
the elements in group VIII of the periodic table have the optimum d-band configuration, since they are
partially filled. However, elements in group 1b also find use as catalysts, despite having full d-shells. Silver
has a relatively low ionisation potential which means it is able to lose electrons to give d-band vacancies,
which make it useful for catalysis applications [61]. Gold, however, has a high ionisation potential and a
poor affinity towards molecules [61].
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1.4.3 Optical Properties
Silver and gold nanoparticles, as well as other noble metal nanoparticles, are seen to exhibit LSPR. This
is a mechanism whereby absorption of light in metal nanoparticles causes a collective oscillation of charge
at the metal-dielectric interface. This occurs when the frequency of the absorbed photon is equal to the
natural frequency of the electrons on the metal surface. If this is the case then the excitation will cause the
electrons to oscillate against the restoring force of the nucleus. For small particles this oscillation causes the
build up of a resonance field in the particle which induces a dipolar field outside the particle. This dipolar
field enhances absorption and scattering for incident light [12].
The LSPR peak is dependent on morphology and particle size [12, 30]. The shape and size of nanoparticles
not only affects the position of the peak but also effects the strength of the induced field, which can be more
than 500 times as strong as the incident light field if nanoparticles have sharp edges or concave curvatures.
For particles smaller than 5 nm, little LSPR is observed, whereas for particles with sizes between 5 and 50
nm are seen to exhibit strong LSPR effects. For increasing nanoparticle size, band broadening and shifting
to longer wavelengths is seen [12]. Additionally, oxidation of surfaces can be detrimental to the plasmon
resonance [86]. Plasmonic properties of particles in the quantum size regime have been studied, notable
studies include those by Scholl et al. [55] and Schaffer et al. [87] which use HR-TEM and EELs to study
the shift in plasmon resonance with changing particle size for gold and silver.
1.4.4 Magnetic Properties
It was discussed in Section 1.3.3 that the applications of nickel are mainly related to its magnetic properties.
Synthesising magnetic materials on the nanoscale means there are several properties that affect the magnetic
properties compared to the bulk; these are the structural disorder and fluctuations, the surface anisotropy,
non-magnetic or weak magnetic interfaces and a lack of surface coordination for surface atoms [88]
The magnetic moments of atoms have contributions from electron spins and electron orbital angular momen-
tum. For elements with filled electron shells, there is no spin and no orbital angular momentum, whereas
unfilled electron shells will have finite magnetic moments. Nickel is a ferromagnetic material, whereby some
of the unpaired electrons in the d shell are aligned parallel to one another. The coupling between these
parallel electrons give the material its strong magnetism [89].
For a ferromagnet, several important properties can be determined from plotting a curve of magnetisation,
M, against magnetic field strength, H, as shown in Fig. 1.3. For a ferromagnet, a hysteresis loop is obtained
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as a result of the way the domains behave [90].
M
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Figure 1.3: Example hysteresis curve for a ferromagnet, reproduced from [90].
From Fig. 1.3, one can obtain:
• The saturation magnetisation, Ms, i.e., the maximum value of the magnetisation.
• The remnance magnetisation, Mr, i.e., the residual magnetisation with zero field strength.
• The coercivity, Hc, i.e., the external field required to set the magnetisation back to 0.
In general, a material is called a ‘soft’ magnet if it has a weak Hc, and a ‘hard’ magnet if it has a high Hc,
i.e a strong field is needed to demagnetise it [90].
If magnetic materials can be made on the nano-scale, the number of magnetic domains can be dramatically
reduced to only a few domains in the entire particle. The radius at which the nanoparticle transitions from
having many domains to one domain is the critical radius, rc. Below this radius the material is said to be
‘superparamagnetic’, and thermal energy fluctuations are energetic enough to be able to flip the domain
direction [91]. The domain direction therefore changes very rapidly, with a ‘relaxation time’ characterised
by the material properties, the thermal energy barrier for magnetisation flipping and the temperature [92].
Superparamagnetic particles, while not having any M of their own, will respond to any external magnetic
field, since it requires only weak magnetism to overcome the thermal energy for domain flipping. The typical
size of rc varies according to whether the material is a soft or hard magnet. For hard magnets, rc is usually
∼ 3-4 nm, and for soft magnets, rc is typically about 20 nm [37,90].
Superparamagnetic materials are characterised by their blocking temperature, Tb, this is the transition where
the thermal energy is approximately equal to the magnetic anisotropy energy, i.e. the energy barrier for spin
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re-orientation is overcome. Tb can be obtained by plotting a curve of magnetisation against temperature.
To obtain such a curve, the sample is first cooled from room temperature to near absolute zero without the
application of an external field. This is called Zero-Field-Cooled (ZFC). The sample is then cooled under
a weak external field, this is called Field-Cooled (FC). The resultant curve is shown in Fig. 1.4. It can be
seen that during ZFC, the magnetism first increases then decreases. Tb is the maximum magnetisation of
this curve [90,93].
M
T
ZFC
FC
TB
Figure 1.4: The magnetisation versus temperature curves for a superparamagnet under ZFC and FC. Re-
produced from [90].
Superparamagnetic materials are very important for biomedical research applications. However, for high
density media storage [92], superparamagnetism can present a problem, as it represents a reduction in the
energy barrier to domain flipping that is not always desirable. In high density media storage applications,
the most desirable properties are high magnetisation and coercivity, with a single domain and small particle
size [6].
Both Tb and Hc are dependent on the shape of the nanoparticle, and magnetocrystalline anisotropy, Ku
also varies with shape and particle size, since it is related to the blocking temperature; this is described by
Equation 1.1 [6, 90]
Ku =
25kBTB
V
(1.1)
where kB is the Boltzmann constant and V is the volume of a single particle. Therefore tailoring of nickel
nanoparticles for this purpose by controlling the size and shape of the nanoparticle is very important.
1.5 Bimetallic Nanoparticles
So far, gold, silver and nickel nanoparticles have been discussed and the most common synthesis routes
to these materials have been highlighted. The most common applications that these nanoparticles see
use or potential use in have been detailed, and a discussion of the important properties that make these
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nanoparticles suitable for those applications has been given. Now, the topic of bimetallic nanoparticles
will be introduced, in particular, core-shell and alloyed configurations of gold, silver and nickel. We are
particularly interested in silver-nickel and gold-silver nanoparticles, as these will be the subject of Chapters
5 and 7 respectively. As before, the routes to their synthesis, their common applications and their properties
will be discussed.
1.5.1 Bimetallic Nanoparticle Synthesis
There are many experimental factors which control how one material will interact with another; the end
result will vary according to the concentration of the reactants, the capping agents in the reaction solution,
the solvents, the temperature and pressure [94]. A few of these variables are true for both solution and
physical vapour depositions, but many are eliminated through the preparation of bimetallic particles in
vacuum, and hence this offers significant advantages over wet-chemical techniques.
In a IGA sputtering system, one can either employ an alloyed target, to attempt to produce nanoparticles
with the same composition of the target, or use a second target to coat metal cores of one material with
another. There are three main types of growth modes for one material deposited onto another in vacuum [95]:
• Frank-van-Der-Merwe (FM) (layer) growth: New material adds layer by layer epitaxially onto
the original material.
• Volmer-Weber (VW) (island) growth: Growth proceeds through nucleation and coalescence of
islands.
• Stranski-Krastanow (SK) (layer + island) growth: Films initially grow layer-by-layer as for FM
growth, but then once a critical thickness is reached growth proceeds as for VW growth. This critical
thickness depends on the strain produced as the deposited shell tries to conform to the lattice of the
existing core material.
The growth mode that is adopted depends on the lattice match and the interactions between the two
materials [95]. The bimetallic product that is produced is strongly dependent on how the elements interact
with one another. Some metals are miscible whereas others are not. Heteroepitaxial growth of core-shell
particles will occur if lattices of the core and shell are closely matched, for example Pd and Pt have a lattice
mismatch of only 0.77% [96]. If the lattice mismatch is slightly higher, heteroepitaxial growth becomes
unfavourable because there is high strain energy between the core and shell. However conformal growth can
still occur, whereby the shape of the final core-shell nanoparticle reflects the shape of the initial core; in fact
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conformal growth is thought to be possible for lattice matches of < [97]. However, lattice match alone is not
the only factor determining how a shell will grow on a seed of another material, since Fan et al. found that
Pt nucleates and grows heterogeneously on a Au core despite a lattice mismatch of 3.8%, whereas a Pd shell
grows epitaxially on a Au core despite a lattice mismatch of 4.71% [97].
There are several factors that influence how two metals will interact with one another, and how one material
will grow onto another:
• The atomic radius: epitaxial growth of a shell on a core will occur if the shell has a smaller or
equal to atomic radius of the core, since the lattice strain from the lattice mismatch can be uniformly
released [97]. Interestingly, an atomic mismatch may have advantages for catalytic properties if the
shell is kept sufficiently thin so that the surface of the particle is still strained. The strain causes a
shift in band structure which can modify the electronic band structure and hence affects the catalytic
properties [98].
• Bond Dissociation Energy (BDE): The BDE between shell atoms should be lower than that
between core atoms [97].
• Work Function, W : If the work function of one metal is lower than that of the other, electrons
will transfer from the lower work function metal to the higher work function metal. This results in
an interfacial dipole layer between the two metals. This generates a potential at the interface which
further lowers the work function of the higher work function metal and decreases the barrier height.
This can be employed to make the surface of a core shell material attractive to adsorbates, which can
improve catalytic properties [99]
• Electronegativity: Materials with differing electronegativities can be oxidised and reduced by one
another, causing atoms to diffuse from one material to the other in a process called galvanic displace-
ment [100]. If one creates seed particles and coats them in a material of a higher electronegativity,
they will alloy. If in the same experimental set-up, one coats the seed particles in a material of lower
electronegativity, one can create core-shell nanoparticles.
For nickel, silver and gold, some of these important values are listed in Table 1.5.1. Titanium is also included,
as it is used in a particular set of syntheses in Chapter 7.
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Table 1.1: Table of important properties which define the interactions of bimetallic nanoparticles
Material Lattice
Constant,
A˚ [101]
Atomic Radius
(non bonded),
A˚ [102]
Electronegativity,
Paulings [101]
W , eV [101] BDE, KJ/mol [101]
Au 4.078 2.14 2.54 5.1 226.2
Ag 4.086 2.11 1.93 4.26 162.9
Ni 3.520 1.97 1.91 4.6 261.9
Ti 2.950 2.11 1.54 4.33 141.0
1.5.2 Gold and Silver Bimetallic Nanoparticles
Gold and silver are both widely studied as plasmonic materials [12,94,103], and most research on bimetallic
combinations of silver and gold is focussed on improving the plasmonic properties. By having a core-shell
configuration, the LSPR of gold-silver nanoparticles can be tuned by varying the size/shape of the core and
shell and their relative thicknesses. It has been seen that in gold-silver core-shell particles, shell thicknesses
greater than 3 nm screen the plasmon excitation from gold cores [94]. To successfully combine the LSPR
properties of silver and gold, it is important to have particle sizes smaller than 20 nm [94].
The type of interface at the core-shell boundary will also affect the properties [94]. It is not known whether
gold and silver can form perfect core-shells, due to their compatibilities in terms of lattice constant and
atomic radius (see Table 1.5.1, they are almost perfectly miscible and are likely to form alloys [104]. Silver-
gold alloys and core-shell particles are both considered useful for catalysis [105], plasmonics [94], sensing,
imaging and biomedicine [106–113].
1.5.3 Nickel and Silver Bimetallic Nanoparticles
Alloys of magnetic and non-magnetic particles have strong Ku which is a desirable property for magnetic
applications, since the magnetic stability of individual particles is proportional to Ku and the particle volume
[114]. Small alloyed particles of one magnetic and one non-magnetic metal may then have applications as
materials for ultra-high density magnetic recording media [115].
Nickel and silver are immiscible [116]. For immiscible metals, where one metal is magnetic and the other non-
magnetic, there is an important effect which may broaden the potential applications of such composites; the
Giant Magnetoresistance (GMR) effect is responsible for a large decrease in electrical resistivity of a material
when an external magnetic field is applied. This was the basis of the 2007 Nobel Prize in Physics [117]. This
effect has mainly been studied in thin films, but has also been seen for granular nano-crystalline structures.
It occurs because the electrical resistance in magnetic materials depends on electron scattering in the lattice,
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which in turn depends on the orientation of electron spins and magnetic moments. This effect is especially
important for applications in high density magnetic storage and sensors, and generally GMR is increased for
smaller particle sizes [118].
The immiscibility of silver and nickel means that alloying is unfavourable. Factors such as high lattice
mismatch (17%) and the lower surface energy of silver leads to core-shell structure being preferred over
alloying. Nickel@silver particles have been seen to be paramagnetic in a study by Bala et al. [93], where
oleic acid was used as a capping agent in a foam synthesis technique to make 12-24 nm core-shell particles.
Despite assertions above, on the nanoscale, metals that would normally be immiscible, such as silver and
nickel, have been seen to alloy [116]. It is thought that for nanoparticles, phase separation is suppressed,
possibly because the temperature at which get phase separation occurs is lowered. Another explanation is
that the nucleation barrier for surface segregation to occur is low/negligible because there is little energy
gain in moving weakly bound atoms from the interior of the nanoparticle to the exterior, and hence no phase
separation occurs. [119]. Nickel based nanoalloys are important as they have a lot of desirable magnetic and
catalytic properties, and properties tend to be improved compared to the bulk, examples include copper-
nickel nanoalloys for selective inhibition of hydrogenolysis [120], platinum-nickel alloys for oxygen reduction
[121], tin-nickel for selective catalysis of dehydrogenation of cyclohexane [122]. Despite this, there has
been few reports in the literature of silver nickel alloys. However, silver-nickel alloy films with 44% silver
have been achieved by Ingen et al. through laser ablation deposition [17,123], and Zhang et al. made Ag-Ni
nanoparticles by irradiating a solution containing salts of Ag and Ni using a gamma ray source to reduce
the salts to promote bonding [120]. The stability of Ag-Ni alloys is an issue, as there are many problems
with phase separation and obtaining a homogeneous mixture [116].
1.6 Shape Control of Metal Nanoparticles
Under ideal conditions a FCC single crystal will form a ‘Wulff polyhedron’, which is a truncated octahedron
(discussed in 1.7). In an inert gas and vacuum, at 0 K, theoretically this is the shape that should occur [124].
Deviations from this shape may occur if [6];
• Equilibrium conditions are not reached during synthesis.
• A capping agent is used, which preferentially interacts with certain facets over others.
• Impurities are present which change the surface energies of the facets, making some facets more
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favourable than others.
• Twinning occurs during nucleation and growth, resulting in different end shapes being more favourable.
• The temperature of the synthesis is increased.
Synthesis of a nanocrystal with a particular shape can be divided into 3 steps [6]:
1. Nucleation, whereby atoms are formed, reach a concentration where they become supersaturated, then
aggregate into nuclei.
2. Nuclei coalesce to form seeds. A seed is a material specific critical size where structural fluctuation
is no longer possible, as it would cost too much energetically. The shape of the seed is thought to
set the shape of the final nanocrystal, if no capping agents are present in a reaction. Seeds can be
single-crystal or twinned.
3. Seeds grow to become nanocrystals.
Within the Ultra High Vacuum (UHV) nanoparticle deposition system, the process of nucleation occurs as
material is sputtered from a target, then the formation of seeds occurs in the condensation zone, and the
growth of seeds to become nanocrystals occurs in the expansion zone. In this way parallels can be drawn
between nanoparticles fabricated using the deposition system and those synthesized through wet-chemical
reactions, where these 3 steps are often more intuitive.
Changing the shape of a nanoparticle has interesting effects on its optical properties, for example in cubic
nanoparticles, charge will accumulate at the corners, and a strong dipole will result [6]. For silver and gold,
spherical nanoparticles usually absorb in the visible regime, whereas for nanoshells [125] or nanorods [126,127]
there is a shift towards the Infra-Red (IR). In fact, all particles with sharp corners tend to have LSPR peaks
shifted towards the IR, although the overall intensity of LSPR peaks can be reduced due to having less
spacial symmetry than circular nanoparticles [128], and the sharp corners do provide a greater localised
electric field enhancement compared to circular nanoparticles [6].
Shape control can cause changes in the reactivity and selectivity of a material for catalytic reactions, since
different facets have different reactivities, due to their differences in configurations and surface energies [6].
Different shapes will also have different numbers of atoms at the edges or corners, which can strongly affect
catalytic activity [129].
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1.6.1 Capping agents
Approximately 90% of size/shape control experiments for nanocrystal production are carried out in organic
media, which usually involves the use of capping agents [93]. The number of shapes that can be made with
capping agents varies enormously, from nanorods to plates to stars and flowers, the possibilities are endless [6].
In this section, particular consideration will be given to nickel and silver nanocubes, since this will be the
topic of Chapter 7. Nanocubes are particularly interesting for magnetic applications because it is possible to
perfectly pack cubic structures and have perfectly aligned lattices between nanoparticles, enhancing magnetic
properties [130]. Capping agents are often incompletely removed at the end of synthesis, and are therefore
still present during characterisation, where they can lead to false assumptions about the behaviour of the
metal nanoparticles they are bonded to. For example, electron exchange between the capping agent and the
surface atoms of magnetic nanoparticles is known to influence the magnetic properties [88]. Capping agents
are either reactive gases passed over existing nanoparticles to modify their shape or organic additives that
are added in solution during nanoparticle formation [6]. For example, capping agents that stabilise the {100}
facets are those that have a stronger binding affinity with the {100} than the {111} facets, hence new metal
atoms preferentially add onto the {111} surface. This leads to the formation of dominant {100} facets, as
shown in Fig. 1.5. Cubes can be formed if the growth rate along the {100} plane relative to the {111} plane
is ≥ to 0.58. For a multiply twinned seed, it is possible to grow pentagonal rods through the same capping
process [131].
(100)
(100)
(100)
(100)
(111)
(111)
(111)
(a)
(100)
(100)
(100)
(111)
(111)
(111)
(111)
(b)
Figure 1.5: How preferential growth influences the final morphology of the nanoparticle, showing (a) prefer-
ential addition of atoms to the (111) facets (b) preferential addition of atoms to the (100) facets
The degree to which different capping agents bind with different surfaces is dependent on the surface specific
chemistry and hence the formation of nanocubes has only been reported for certain metals, most commonly
Pt [132], Ag [94,97], Au [31,94], Cu [133], Rh [134], Bi [135], Fe [136] and Pd [137]. Obtaining smaller sized
nanocubes can be challenging since many capping agents favour the production of larger nanocubes [94]. For
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core-shell particles, the shell material can evolve into different shapes depending on the size, shape, facets
and capping agent of the seed material [94, 138].
Nickel nanoparticles of different shapes have been formed through the use of various capping agents, some
of the most common are shown in Table 1.2. Reactive gases such as hydrogen are commonly used for nickel
nanocube formation, since hydrogen is thought to be better than many other capping agents for forming
nanocubes because the formation of nanoparticles is slower, which enables the formation of anisotropic and
faceted particles [139]. However, these reactive gases rarely work on their own, and a second surfactant is
usually needed to reduce agglomeration [130].
Silver nanocubes and other shapes have been formed through the addition of PVP, a polymeric capping
agent, to wet chemical syntheses. PVP contains oxygen and nitrogen atoms which enable the adsorption
of PVP chains onto the {100} facets of Ag, driving new atoms to bind with the {111} facets [30, 140].
Once the cube shape is fully formed, further atoms will add to the {100} facets and so enlarge the cube
without any change in morphology [30]. Size control of these nanocubes has been achieved by controlling
the relative concentrations of silver precursor and PVP, the temperature of the synthesis and the growth
time. Essentially conditions are required which cause fast nucleation and growth of silver seeds, so that there
is not enough time for twinning to occur, which would result in pentagonal rods or nanowires rather than
nanocubes being formed [30]. For smaller nanocubes and other shapes, bromide (Br−) can be used, since it
is much smaller than PVP [6]. Table 1.3 shows some of the common shapes that can be formed for silver
with different capping agents.
Table 1.2: Common capping agents for creating shaped nickel nanocubes. PVP is poly(vinyl pyrrolidone),
HDA is hexacyclamine, OA is oleic acid, TOA is trioctylamine, TOP is triocytlphosphine.
Shape Produced Capping agents
Sphere PVP [141]
Nanocube H2 gas [130], TOP [130],
TOA, [130], HDA [130]
Nanorods HDA [142]
Triangular nanosheet FeCO5 [143]
Hexagonal nanosheet FeCO5 [143]
Table 1.3: Common capping agents for creating shaped silver nanocubes. Br− is bromine.
Shape Produced Capping agents
Sphere PVP [94]
Nanocube PVP [94], Br− [6]
Nanorod PVP [30], Br− [6]
Nanowire PVP [30], Br− [6]
Bipyramids PVP [30], Br− [6]
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1.7 Thermodynamics of Crystal Formation
If a nanocrystal is formed without the presence of additional capping agents or reactive gases, it will proceed
according to thermodynamics. This means that the Wulff polyhedron is the most favourable configuration
[124]. The nanocrystal seeks to form the configuration whereby the total interfacial free energy is minimised
for its volume. Interfacial free energy, γ, is the energy needed to create a new surface;
γ = (
δG
δA
)ηi,T,P (1.2)
where G is the free energy and A is the surface area.
For a nanocrystal there are missing bonds at the surface which break the symmetry of the crystal. For an
ideal crystal, we assume there is a restoring force which pulls the surface atoms to their proper positions.
For this case the interfacial free energy is:
γ =
1
2
Nbηρa (1.3)
where Nb is the number of broken bonds, η is the bond strength and ρa is the density of surface atoms.
For an FCC structure, with lattice constant a, the surface energies are as follows:
γ111 = 3.36
η
a2
(1.4a)
γ100 = 4
η
a2
(1.4b)
γ110 = 4.24
η
a2
(1.4c)
Therefore, a FCC crystal under thermodynamic conditions will attempt to maximise the amount of {111}
crystal facets, followed by {100} and then {110}. The simplest configuration is therefore an octahedral or
tetrahedral shape for minimisation of surface energy. However, despite this shape displaying the greatest
possible amount of low energy facets, the surface area is still relatively high. To minimise the surface area for
a particular volume the lowest energy configuration would be a sphere, and hence a compromise is reached
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whereby truncated octahedrons are formed, whereby {111} planes are capped with {100} planes to minimise
the total interfacial free energy.
As a nanocrystal grows in size, the interplay of energies which control faceting will change. The total surface
energy varies roughly with surface area, but the total elastic strain energy varies with volume [144]. The
case for multiply twinned seeds is discussed in Section 1.8.
There have been historical attempts to use thermodynamics to describe the change in surface energy with
decreasing particle size [145,146]. However, for very small particles, thermodynamic arguments break down
[147]. Experimentally derived values of surface energy for nanoparticles tend to be larger compared to bulk
values due to the change in the lattice parameter with decreasing particle size [148–153].
Contraction of the lattice in nanoparticles occurs due to hydrostatic pressure as a result of the surface stress
on the nanoparticles [150, 151], and the surface stress in turn is dependent on the surface energy [154]. At
nanoparticle sizes less than about 10 nm, surface stress causes nanoparticles to compress, and hence the
lattice parameter is reduced according to the surface stress, f. For a spherical particle this is given by
Equation 1.5 [155].
∆a =
−2faκ
3r
(1.5)
where ∆ a is the lattice contraction, f is the surface stress, a is the bulk lattice parameter, κ is the com-
pressibility, and r is the particle radius
Compressibility (κ) is thought to increase with decreasing particle size [156], which leads to higher values
of surface energies, since equation 1.5 assumes this is constant. Additionally κ is anisotropic in different
lattice directions, hence different values are found for the surface energy using different lattice constants [84].
Reported values for surface stress for small nanoparticles vary, for example for silver, different values have
been reported when different facets have been studied [149–151,153]. There has been a wide range of values
given for the surface energy of silver, and the value varies depending on whether the nanoparticles are free,
or on a substrate, and what facets are present in what quantities [84]. This would make sense when we
consider that surface stress is related to surface energy by equation 1.6, and since different crystal facets
have different surface energies it would be expected that the values for stress should differ.
fαβ = γδαβ +
∂γ
∂αβ
(1.6)
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where fαβ is the surface stress tensor, γ is the surface energy, δαβ is the Kronecker delta function, and αβ
is the strain tensor.
1.8 Twinning in Nanoparticles
Twin defects are mirror planes created during nanocrystal formation. Twin defects are present in seeds
during synthesis, but whether they grow to become nanocrystals is dependent on thermodynamics as well
as reaction kinetics [6]. For FCC nanocrystals, mirror planes are predominantly {111} [157, 158], this is
because in FCC crystals, the {111} represents a way to make a coherent twin boundary, i.e. one that can
be formed in a conservative motion without significant movement of any one individual atom. A coherent
twin boundary therefore represents a low energy way of creating high angle edges in nanoparticles [158].
Twins can be favourable, usually at smaller crystallite sizes, since through twinning it is possible to have
a higher proportion of {111} facets with a relatively small surface area [159]. However, there can be size
constraints on whether the formation of twinned nanoparticles is favourable. If we think, for example, of
a Multiply Twinned Particle (MTP) such as a decahedron, see Fig. 1.6(a), this can be thought of as 5
individual single crystal tetrahedrals joined together.
(a) (b) (c) (d)
Figure 1.6: Some of the different shapes that occur for FCC nanoparticles, including the multiply twinned (a)
a decahedron and (b) an icosahedra, and the single crystal (c) truncated octahedron and (d) cuboctahedron.
These can’t be joined together perfectly if they are to meet in the centre, since the theoretical angle between
the {111} planes of a tetrahedral is 70.53o, hence 5 tetrahedrals joined together would subtend an angle of
352.65o rather than 360o, the crystals therefore have to compensate for this mismatch which induces strain
at the interface. As the diameter of the five-fold decahedron is enlarged, the necessity of conserving these
angles means that the gap between the planes is increased and hence more strain is induced, see Fig.1.7.
An icosahedron (see Fig. 1.6(b)) is formed of six fivefold symmetry axes and thus has even greater internal
strain, however they are more spherical and hence present lower surface energy. Generally speaking, for
FCC metals, this means that for small sizes, where the surface energy is particularly important, icosahedra
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are favoured, whereas at intermediate sizes, decahedra are preferred to reduce internal strain. At large
sizes, twins are not favourable, as a nanoparticle can reduce its internal strain further by transforming to a
single crystalline material such as truncated octahedra or cuboctahedra (see Fig. 1.6) to reduce the strain
energy [160–162].
70.53 7.35
70.53
70.53
70.53
70.53
Figure 1.7: The mismatch in angles of a 5-fold twinned decahedron as a result of increasing diameter
In theory, there should be a set of ‘crossover sizes’ that define the number of atoms for a particular metal
where morphology will transform from icosahedra to decahedra and from decahedra to single crystalline.
These are given in Table 1.4
Table 1.4: Morphology dependence with particle diameter, d
Material Icosahedra → Decahedra Decahedra → Wulff
Polyhedra
Nickel [144] d <9 nm d >18 nm
Silver [161] d <5 nm d ≈ 21 nm
Gold [161] d <4 nm d ≈ 6 nm
Having said this, deviations from these rules have been seen for silver when prepared by IGA sources [163]. In
general, high levels of icosahedra have been found at large sizes (up to 14 nm) where these structures should
not be more favourable in terms of energy. Molecular Dynamics (MD) simulations by Baletto et al. [160]
have shown that metastable icosahedra are theoretically possible at larger sizes. They also saw that single
crystal structures were more likely at high temperatures, which can explain why IGA, being thought of as a
‘low temperature’ technique (despite the plasma), produces different results.
The formation of MTPs is dependent on growth conditions. The inert gas-aggregation technique has been
used to produce MTPs of most of the metals, although MTPs can be produced through most synthesis
routes, including wet chemical, Physical Vapour Deposition (PVD) and Chemical Vapour Deposition (CVD)
techniques. A thorough review of these was carried out by Hofmeister et al. in 2004 [164].
For FCC materials, growth conditions are given by a growth parameter:
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α =
√
ν100
ν111
(1.7)
where ν100 is the growth velocity of cubic faces and ν111 is the growth velocity of octahedral faces.
α varies from 1, denoting cubic, to 1.5, which is cuboctahedral, to 3 which is octahedral, or any of the
values and subsequent shapes in between. α = 1.5 is growth under thermal equilibrium, and at this point
crystal growth will occur via a route which minimises surface free energy. However in reality there are strong
deviations from thermal equilibrium in any real experiment, and the shape of the crystal is determined
instead by the growth kinetics, and the relative growth rates of the different faces. For MTPs this results in
deviations from the ideal shapes in Fig. 1.6(a) and (b). An interesting deviation for the decahedron is the
Marks decahedron, which displays grooving which occurs from the twin boundaries, and is shown in Fig.
1.8.
{111}
{100} {111}
Figure 1.8: The marks decahedron
The Marks decahedron is one of many variations of decahedra that can be brought about through changes
in the growth parameter. Fig. 1.9 shows the various formations of MTPs that occur for decahedra and
icosahedra.
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Figure 1.9: Variations in MTPs that occur for varying the growth parameter, where series (a) shows is the
variations for icosahedra and series (b) shows the the variations for decahedra. Reproduced from [165].
1.8.1 Allowed Orientations on Planar Substrates
On planar substrates MTPs will align themselves in high symmetry orientations, dependant on shape. For
a decahedron or icosahedron, these allowed orientations are [164]:
1. (011) ‘fivefold’ orientation, with fivefold axis perpendicular to substrate plane.
2. (001) ‘parallel’ orientation, with fivefold axis parallel to substrate plane.
3. (111) ‘face’ orientation, with one of the facets of the tetrahedra aligned with the substrate.
4. (112) ‘edge’ orientation, balancing on the edge between two tetrahedra.
These orientations are displayed in Fig. 1.10 for a decahedron and in Fig. 1.11 for an icosahedron.
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(a) (b) (c) (d)
Figure 1.10: Decahedron in (a) (011), (b) (001), (c) (111) and (d) (112) orientations with a planar substrate
[164]
(a) (b) (c) (d)
Figure 1.11: Icosahedron in (a) (011), (b) (001), (c) (111) and (d) (112) orientations with a planar substrate
[164]
1.9 Coalescence and Ripening of Nanoparticles
The coalescence of nanoparticles, where they are driven to larger sizes over time, is responsible for the
reduction of efficiency or activity in many industrial applications. The size of nanoparticles is critical to
their properties, and since many nanoparticles are specifically tailored to an application through size control,
the subsequent coalescence of these nanoparticles can compromise their otherwise successful implementation
in many technologies. This section will discuss the coalescence and ripening of nanoparticles, both with age
and induced by the electron beam. Particular attention will be given to the coalescence of silver nanoparticles,
but this section will also more generally cover the coalescence of FCC metals, which is the common structure
of metals described in this thesis.
The principle driving force for coalescence is that the surface energy of small particles is very high, and it
can be lowered through coalescence to form larger particles. Nanoparticles are expected to coalesce through
surface diffusion, which is the dominant transport mechanism for the movement of particles below 1 µm in
size [166].
Coalescence is not always the most favourable route towards larger particle sizes. It competes with Ostwald
Ripening, i.e. the growth of larger particles at the expense of smaller ones via diffusion of single atoms across
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the substrate.
Coalescence and Ostwald ripening occur under different limiting circumstances [167]: Coalescence will dom-
inate if there is weak adhesion of particles to the surface, in which case they will diffuse across it to make
contact. Ostwald Ripening will dominate if the particle is strongly adhered to the surface. For both Coa-
lescence and Ostwald Ripening, the Smoluchowski kinetic rate equation can be used to describe the rate at
which material is transported [168];
d ∝ t−β (1.8)
where d is the particle diameter, t is time and β is a constant determined by the strength of the particle-
substrate adhesion. β decreases for stronger adhesion [169].
For coalescence, the rate should decrease with increasing particle size. Firstly because diffusion is propor-
tional to particle size;
D ∝ d− 1−3ββ (1.9)
where D is the diffusion coefficient.
Additionally, the driving force for coalescence is the reduction of the surface to volume ratio, however, as
can be seen from the proof in [167], the change in surface energy for a constant volume ratio is maximised
when the initial radii are small, i.e it is more favourable to make the same final volume out of many smaller
nanoparticles than fewer larger particles.
The movement of particles on the substrate surface is predominantly in a random walk manner due to
Brownian motion. This is due to the large viscous drag caused by making and breaking bonds with the
substrate [170]
Ostwald ripening is driven by the Gibbs-Thomson effect, whereby variations in chemical potential and vapour
pressure occur as a result of the high curvature of small particles. Vapour pressure increases with higher
curvature, and so there is a strong driving force for atoms to de-attach from the surface of small nanoparticles.
The Gibbs-Thomson effect is also responsible for smaller particles melting at lower temperatures than larger
particles. There are two limiting circumstances for the rate of Ostwald ripening [171];
1. Diffusion Limited Kinetics: The rate of the diffusion of ad-atoms across the substrate determines
the kinetics. This is further subdivided into steady-state and non-steady state diffusion. Non-steady
state can occur during the initial stages of ripening, where there are few atoms migrating. As the
concentration of migrating atoms builds up the kinetics become steady state, and dictated by the
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diffusion gradient
2. Attachment Limited Kinetics: The rate of diffusion is determined by the de-attachment of atoms
from the small nanoparticle and subsequent re-attachment to a larger nanoparticle
The interplay of coalescence with Ostwald ripening is predicted to change with nanoparticle size. It has
been hypothesised that Ostwald Ripening should dominate for very small particle sizes (<3 nm), then as
the curvature is reduced the Gibbs-Thomson effect is lowered and coalescence and ripening both occur for
nanoparticle sizes between 3 and 10 nm. For larger particles, coalescence is thought to dominate [172].
Visually, the two processes differ not only in appearance but in rate, Ostwald Ripening is thought to be
steady and slow [172], due to the kinetics described previously, whereas coalescence is marked by a jump
in reduction of the smaller particle at the expense of the larger one. When two nanoparticles first make
contact, there is a release of heat as new bonds form, and the surface energy is lowered by the contact. This
release of heat allows coalescence to occur very rapidly in the initial stages, since an increased temperature
corresponds to increased surface diffusion [162].
1.9.1 Neck Evolution
In Monte Carlo simulations developed by McCarthy and Brown [166], the radius of the neck region between
two coalescing nanoparticles was found to increase with time according to power laws according to r ∝ ta
with a ∼ 16 for the early and intermediate coalescence stages. The late stages were defined as when, for
further coalescence to occur, new atomic layers on nanoparticle facets had to be formed, at which point the
relationship becomes dependent on nanoparticle size, temperature and nanoparticle orientation. The power
law should vary according to what the predominant transport mode for coalescence is, however McCarthy
and Brown assumed surface diffusion. McCarthy and Brown predicted power law relations for the later stage
and found that it could vary between a ∼ 13 for a negligible nucleation barrier for relaxation to a ∼ 16 for a
large nucleation barrier. The nucleation barrier is the barrier for attachment of atoms to a facet surface,
and is thought to be proportional to the particle radius. There is a higher nucleation barrier for a larger
facet, and facets larger than 1 nm are thought to be very difficult to nucleate onto. The presence of multiple
facets is therefore thought to slow down the coalescence process [162].
It should be stated that the above is a brief overview of the actual results obtained, and the reader is referred
to the original reference [166] for a more thorough treatment of temperature and size considerations.
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1.9.2 Coalescence of Nanoparticles with Age
Popescu et al. studied the coalescence of gold nanoparticles over a period of 32 months in air at room
temperature [171]. They saw that particles had a tendency to Ostwald ripen and it was concluded that
steady-state diffusion limited kinetics were dominant.
1.9.3 Induced Coalescence under the Electron Beam
Various researchers have studied coalescence of gold and silver nanoparticles on amorphous carbon (a-C) grids
under the beam and pronounced that there were no coalescence effects, that particles were static [171,172].
This makes describing the responsible phenomena for coalescence in the beam a challenging task, since
the mechanisms of beam induced coalescence remain controversial. In this section many of the proposed
mechanisms will be highlighted and discussed.
Localised Beam Heating
Localised heating of nanoparticles in the beam is thought to be due to heat released due to photo excitation
and subsequent emission of Auger electrons. The local temperature increase is thought to range from
hundreds of kelvins to as high as 2473K [173], however it is thought to dissipate within picoseconds and
therefore is largely not thought to be a cause of coalescence in the beam [173,174].
Orientated Attachment
Oriented Attachment (OA) is a theory whereby the planes of two nanoparticles rotate to align and coalescence
proceeds along the orientated planes. It is generally agreed upon that orientation occurs upon contact
[167,175,176]. There are thought to be two mechanisms by which OA can occur [175]:
1. 3D rotation of an entire particle, whereby one or both particles will rotate to reduce misalignment
and eliminate dislocations at the coalescence interface. It is thought that if there is a size difference
between coalescing nanoparticles, the smaller particle will rotate to align with the larger particle [167].
2. Atom-by-Atom reorientation, which can occur via the gliding of a dislocation or a grain boundary.
The dynamics by which OA occurs is still not fully understood, although dipole-dipole interactions [177–179]
and Van Der Waals [180,181] forces have been attributed with causing the phenomenon.
30
Chapter 1. Introduction
Quasimelting
‘Quasimelting’, whereby nanoparticles can switch morphology under the electron beam and structurally
reorganise themselves, has been frequently observed in HR-TEM [182–184]. The destablisations caused by
quasimelting can induce coalescence between nanoparticles, but are only thought to occur when there is
weak adhesion between the particle and the substrate [159,182,185]. Explanations for quasimelting include
charging [182], Coulombic explosion [186], core excitations [187], or electron beam heating [159]. Electron
beam heating was negated by Marks et al. where it was found that close to room temperature conditions
were sufficient to cause quasimelting in gold and silver nanoparticles [188].
In general, this effect has been seen to be particularly important for gold, where it has been seen that all
particles below about 5 nm in size seem to rapidly re-structure and re-organise themselves under the beam
rather than conforming to any specific shape [183]. Surface layers of larger particles are also thought to be
quasimolten, which is thought to be particularly important in terms of neck formation during coalescence
[167].
Swift Electrons: Plasmon Effects
The concept of ‘swift’ electrons affecting particle coalescence has been introduced in a series of papers by
Batson et al. [170, 189]. The theory put forward is that passing electrons from the electron beam are
able to induce dipoles and multipole dielectric polarisation when travelling very close, but not directly
passing through, nanoparticles. These polarisations can ultimately result in the coalescence or repulsion of
nanoparticles, due to bonding and anti-bonding modes for plasmonic inter-particle coupling. The position of
the beam affects where the swift electrons are in relation to the particles, and hence what type of coupling
is produced. A fine converged probe is used to induce these effects [170]. In Conventional Transmission
Electron Microscopy (CTEM), swift electrons have been suggested to be responsible for quasimelting [186].
The radiative decay of plasmons generated by swift electrons is thought to generate secondary electrons
which are responsible for shape changing effects. Additionally, just 1-2% of fast electrons passing by the
sample are able to generate plasmons at a rate of 105 per second, which may induce local temperture rises
of up to 100oC.
The work of Batson et al. was performed on gold nanoparticles, but shortly afterwards Scholl et al. performed
similar studies for silver nanoparticles [190]. Silver nanoparticles are thought to experience strong plasmonic
interactions due to their strong electric polarisability. Scholl extended the description to discuss the effects of
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quantum tunnelling at very short separations (<0.5 nm), versus Coulombic interactions at larger distances.
1.9.4 Heterogenerous Coalescence
The coalescence of two different metal nanoparticles is something that has not been studied in depth. A
chapter of this thesis will be devoted to the wetting of silver on gold nanoparticles, a phenomenon observed
by Grouchko et al. [191]. Grouchko argues that coalescence occurs between silver and gold nanoparticles
since the silver is a ‘softer metal’, that more readily restructures itself. Additionally Grouchko points out
that the cohesive energy of silver is 2.95 eV per atom, whereas for gold this is 3.81 eV, i.e.; that silver
atoms are less tightly bound with their nearest neighbours than gold atoms, and therefore the silver atoms
on the surface of a silver nanoparticle are going to be far more mobile than those for a gold nanoparticle.
Additionally, silver atoms can gain energy by forming bonds with gold atoms, infact Au-Ag bonds have 0.36
eV more energy per pair than Ag-Ag bonds.
1.10 Oxidation of Nanoparticles.
There are several theories dealing with the kinetics of how magnetic materials oxidise. Tammann oxidation
describes the diffusion limited growth of oxide layers at high temperatures [192, 193]. For low temperature
oxidation, the kinetics were first described by Mott [194–196]. The theory by Mott describes an initial very
fast, ion-diffusion-limited growth of oxide, which is non-linear, followed by a slower period where the kinetics
are dominated by electron-tunnelling. This theory only describes oxide layers of a few nm in size. The
Cabrera-Mott theory [197] extends the description to include thermionic emission, and applies for oxides of
sizes up to 10 nm. Today, this is the generally accepted theory for how metals oxidise. It is often used to
describe the initial oxidation on nanoparticles, and predicts that there will only be 2-3 nm of oxide growth on
a nanoparticle [198], however, there are no generally accepted theories on nanoparticle oxidation [199] and
the Cabrera-Mott argument is limited in that its validity depends on the electron pathways of the specific
oxide [200].
While much of the theory was studied many decades ago, there have been several more recent attempts to
study oxidation on magnetic nanoparticles. Pratt et al. studied the oxidation of iron nanocubes into iron
oxide nanocubes in ambient conditions, and concluded that strain mediated the transport of oxide to create
iron oxide, with strain gradients in the oxide shell being affected by the geometry of the nanoparticle [198].
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1.10.1 Oxidation of Nickel
Nickel nanoparticles are often covered by oxide layers since nickel is easily oxidised even in ‘inert’ envi-
ronments [6]. Typically, oxides on nickel nanoparticles have been seen to be between 0.5 nm and 3 nm
thick [199,201–204]. The thickness of this oxide, rather than having a size dependence as one might expect,
seems to depend more on the synthesis method [199]. This oxide layer is often non-uniform [199], and is
thought to proceed by non-linear ion diffusion growth up to layers of 10 nm in thickness [204]. For thicker
oxide films, oxidation is thought to occur via diffusion of ion vacancies along grain boundaries [205]. There-
fore the total number of grain boundaries in the oxide will affect how rapidly the growth occurs. Somewhat
trivially, an increased surface area is seen to lead to increased oxidation [203]. Oxidised nickel nanoparticles
can be thought of as core shell nickel@nickel-oxide particles, and the lattice mismatch between a nickel core
and nickel oxide shell will cause surface tension at the interface, resulting in a widening of the lattice of the
outermost nickel atoms of the core. This is most true for cubic nanoparticles, where the strain is increased.
For cubic nanoparticles the nickel oxide shell tends to grow epitaxially on the core and the nickel-oxide shell
has a passivating effect on the nickel core [206].
The Kirkendall Effect: Void formation in Nickel Oxide
The influence of the Kirkendall effect on the high temperature oxidation of nickel in air was studied thor-
oughly by Railsback et al. [207]. The Nanoscale Kirkendall Effect (NKE) leads to void formation due to
diffusivity differences between materials leading to different vacancy fluxes at inorganic interfaces [208]. The
NKE is relevant when metals convert to oxides, sulphides and selenides and is most common for elevated
temperatures, where a diffusion couple can be created. Generally speaking, if the outward diffusion of cations
from the metal is faster than the inward diffusion of anions from the oxide, there is a flux of vacancies into the
nanoparticle. These vacancies supersaturate and then coalesce to form voids [209]. The outward diffusion of
the metal cations may cause crystallisation of the nickel oxide layer, and this in turn may result in further
void formation [207]. This has been shown to be aided by strain at the interface [210]. NKE will typically
continue until there is no metal left to convert into metal oxide [211]. In the study by Railsback et al. , nickel
oxide was observed to have voids due to this effect at temperatures of 300oC and above. Void formation was
studied for different initial sizes of nanoparticles ranging from between 9 and 96 nm, and factors such as the
total number of voids created was observed to be size dependant.
33
Chapter 1. Introduction
Oxidation in TEM
In-situ oxidation of nickel nanoparticles in Transmission Electron Microscopy (TEM) has been observed by
Latham et al. for 11 nm surfactant stabilised spherical nickel nanoparticles. A process where the solid nickel
nanoparticle transforms into a core-shell structure followed by a shell-void structure has been observed
over a time period of about 316 seconds at 80 kV illumination [212]. The behaviour was attributed to
electroreduction and localised heating of the nanoparticles, rather than the Kirkendall effect. A source of
oxygen for the transformation to oxide is not given, and the particles were coated in a surfactant that the
authors admitted may have affected the transformation. It was seen that increasing the accelerating voltage
of the microscope increased the rate of transformation of the nanoparticles. The authors also saw the same
effect for iron and cobalt nanoparticles. Investigations have been carried out to whether beam irradiation in
the TEM has an effect on the formation of Kirkendall voids, and it was seen that the beam had no apparent
effect [207].
Facet Dependent Oxidation
Experiments looking at the facet dependent oxidation of nickel were largely conducted in the 1970s and 1980s.
Mitchell et al. conducted a series of investigations looking at the interface structure of oxide formation on
nickel surfaces of (100) [205], (110) [213], (211) and (111) [202]. They observed that the interface structure
was facet dependent, but noticed no variation in the thickness of the oxide film for different crystal facets.
Kinetics of oxide formation were suggested to be similar on all facets. It has however been found that
hydrogen adsorption is lower on the (001) and (110) facets [214, 215], this may have an affect on oxygen
uptake on the facets, although such an effect has not been reported, to the best of the authors knowledge.
1.10.2 Applications of nickel oxide
While it was discussed in Section 1.3.3 that the oxidation of nickel is often limiting for applications where the
properties of pure nickel are desirable; nickel-oxide nanoparticles as well as nickel@nickel-oxide core@shell
nanoparticles also find many applications distinct from that of the pure metal. For example, nickel ox-
ides are effective hydrogen catalysts for water splitting via electrocatalysis [216]. Also Ni@NiO core shell
nanoparticles have been used for magnetic separation and selective binding of histidine-tagged proteins, a
task which is very important in the field of proteomics, which involves studying the structure and function of
proteins [217]. For this task, the degradation of the nickel core to nickel oxide has been seen to be a problem
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in the long term usage of the nanoparticles, and researchers have been forced to replace the core for other
nanocomposites in order to have efficiency over longer periods [218].
1.10.3 Reaction of Silver with Environmental Contaminants
Air contains 7x10−6% ozone [101] and water (including water vapour in air) contains hydrogen sulphide at
concentrations normally lower than 1x10−6. Silver is known to react with either of these contaminants to
form silver sulphide, Ag2S or silver oxide Ag2O. Oxygen is thought to exist on/in silver as chemisorbed
adatoms, dissolved lattice oxygen and molecularly absorbed oxygen. [219]. How oxygen reacts with silver
will effect its ability to catalyse the reactions discussed in section 1.3.1. Chemisorbed oxygen is thought
to be particularly important in terms of affecting reactivity [220]. The interaction of water vapour with
silver is influenced strongly by the presence of O2− [221] and how well oxygen facilitates water dissociation
depends on how strongly the oxygen is bonded with the surface. The less strongly bound the oxygen, the
more strongly water is dissociated [222].
Facet Dependent Adsorption
Facet dependent behaviour has been observed for the adsorption of water and oxygen on bulk silver. On clean
silver (110) surfaces, it has been shown that water is not adsorbed at room temperatures [220,221]. However,
on pre-oxidised silver (110) surfaces, water can be adsorbed and dissociated at room temperatures [220,221].
This dissociation of water at a metal surface leads to the formation of surface hydroxyl groups that can
take part in catalysis [223]. Oxygen does not adsorb readily on the (111) face of silver [224]. The lack of
absorption is thought to be due to the way in which oxygen bonds with the silver surface, there is significant
repulsion between adsorbed adatoms [225].
Size Dependent Oxidation of Silver
In general it is thought that a larger crystallite size leads to an increased uptake of chemisorbed oxygen
species in silver [226]. The conductivity of silver approaches bulk conductivity around 30 nm, and it has
been suggested that changes in electronic structure with particle size may lead to changes in the populations
of nucleophillic (ionic) and electrophilic (covalent) oxygen species [227]. In theory for particle sizes below
20-40 nm only nucleophillic oxygen is adsorbed. Nucleophillic oxygen creates Ag+ sites for pi bonding of
ethylene to the surface [228–230]. Above this critical size both nucleophillic and electrophilic oxygen are
adsorbed [227]. For partial oxidation of ethylene, i.e to make ethylene oxide, electrophiles are thought
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to be mostly responsible. For total oxidation of ethylene, nucleophillic oxygen is thought to be mostly
responsible [228, 229], but for efficient ethylene epoxidation both species are needed [219]. As a result of
this dependence on the types of oxygen adsorbed, supported Ag catalysts with particles sizes of ∼30 nm are
thought to be better for ethylene epoxidation [231–233]. Additionally, small particles thought to have Ag+
sites, and are probably covered in a layer of Ag2O, limiting their reactivity [226].
1.11 Aims and Objectives
In this thesis, high purity samples of nickel, silver and gold have been produced with well defined morphologies
and sizes. The samples will be characterised using TEM and attempts will be made to verify the observations
of other researchers, and see if these observations hold true for cleaner, more well-defined samples. In general,
this work concerns how these materials degrade. Coalescence and oxidation are two of the most common
ways in which nanoparticles lose their ability to function effectively. This thesis will also attempt to push
the boundaries of our understanding of coalescence phenomena and magnetic particle oxidation. A more
detailed explanation of the specific aims and objectives for each material is given below.
1.11.1 Growth of High Purity Nanoparticles
The Nanosys500, a UHV nanoparticle deposition system, has been commissioned over the course of this
PhD. The Nanosys is a purpose-built machine, and its core-shell capabilities are only implemented on a
handful of instruments world-wide. An important part of this work involves understanding the capabilities
of the system in terms of the nanoparticles that are produced. In theory, the system offers the capabilities
to control nanoparticle size precisely, to oxidise nanoparticles in-situ and create core-shell particles. Many of
these capabilities will be used in the creation of the samples produced in this thesis, and hence the machine’s
limits will be tested as a result.
The formation of nanoparticles in a low pressure environment represents a deviation from equilibrium condi-
tions. Therefore a core aim of this thesis is to understand the shapes produced as a result of this synthesis,
and whether we can vary the reaction conditions to influence the final nanoparticle morphology, in the ab-
sence of any reactive gases or organic contaminants. Very few non-spherical particles have been produced
using physical deposition methods without the addition of reactive gases, and so if deviations from equilib-
rium morphologies are indeed observed, they represent unique opportunities to understand the properties of
the shape for a particular material without surface contamination.
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1.11.2 Silver Nanoparticles
According to theory (see section 1.10.3), oxygen should only adsorb on the (110) crystal face of silver and
not the (111). Since adsorbed oxygen affects water dissociation and hence silver’s ability to catalyse many
reactions, the study of this phenomenon is of great interest. The absorption of sulphur in silver nanoparticles
to create Ag2S is also well documented. We will study how readily silver converts to Ag2S and Ag2O, both by
attempting to oxidise the silver nanoparticles in-situ in the Nanosys, and by aging the nanoparticles naturally
in air. We will attempt to see if this has any effect on their size and morphology. The contamination of
different specific facets of silver will also be studied, to attempt to observe preferential oxidation on (111)
and (110) surfaces.
It was discussed in Section 1.8 that for IGA sources icosahedra have been seen for uncommonly large sizes, up
to about 14 nm, which is larger than predicted by thermodynamics [160,163]. The shapes of silver produced
using the system will be noted, and compared to what is expected for particular sizes.
An important question, and one that has no clear answer, is whether we can look at beam-induced coalescence
of nanoparticles and use it as a model for naturally occurring coalescence. It was seen in section 1.9 that the
coalescence mechanisms of silver and gold nanoparticles under the electron beam is something that is widely
debated. Its very occurrence has indeed been questioned and many theories exist as to why nanoparticles
coalesce under the beam. The particles produced using the system are exceptionally clean, and therefore
provide a model system for probing these questions further, and viewing the in-situ, uninhibited coalescence
of silver nanoparticles. In particular, we will attempt to describe whether Brownian motion holds true in
describing the motion of silver nanoparticles on amorphous grids, and we will investigate claims of orientated
attachment. The competition of Ostwald Ripening versus coalescence will be studied and attempts will be
made to try and understand what the size dependence is. For the first time, holography experiments will
be attempted to observe in-situ coalescence, in an attempt to understand whether electrostatic interactions
take place during coalescence.
1.11.3 Gold Nanoparticles
The work of Grouchko et al. [191] studied the wetting of silver on gold nanoparticles using TEM. However,
since this was the first description of this effect, there is still much work to be done to describe what is
occurring when silver and gold nanoparticles interact. The paper described this simply in terms of silver
being a ‘softer’ metal than gold, but many questions remain unanswered. For instance: what effects do the
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shape of the nanoparticles have on the wetting event? It is known that faceting plays a key role in coalescence
and so it is fair to assume that it should affect wetting. As previously stated, the samples produced using
the nanoparticle deposition system are cleaner, and so the reaction can be studied in more detail. Also,
since gold and silver nanoparticles can be prepared individually, one can study gold-gold coalescence and
silver-silver coalescence under the same conditions, and therefore have a coherent data set upon which to
draw conclusions.
1.11.4 Nickel Nanoparticles
Much of the work in this thesis concerning nickel was driven by the results of deposition experiments opening
up avenues for new experimentation and characterisation. Initial aims with nickel were to attempt to create
nickel-titanium alloys or nickel@titanium core-shell particles. These were quickly abandoned in favour of
silver-nickel experiments, for reasons which will be discussed in Section 7. Once nickel-silver came to the
fore as a material, the experimental aim was to attempt to understand to what extent one can force the
alloying of immiscible silver and nickel using IGA methods.
A critical aim was understanding the effect of oxygen on nickel nanoparticles, since this is key to their
degradation. Oxidation often happens very quickly after nanoparticle formation, in many instances, oxidation
actually occurs during synthesis, if oxygen is present to react. Having oxide-free nickel samples to study in
TEM is therefore very rare, and hence if very clean samples can be produced, and kept oxide free, there is an
almost unique opportunity to study un-passivated nickel surfaces in TEM, and study beam effects on these
nanoparticles. Additionally, one can then study their oxidation with time, and attempt to understand the
role of faceting in oxidation on magnetic nanoparticles. Access to advanced TEM facilities means that the
magnetic characteristics of these particles can be explored using Lorentz TEM. For very small nanoparticles,
attempting to perform magnetic Lorentz TEM experiments is pushing the limits of the technique.
1.12 Thesis Scope
A common use for many metal nanoparticles is in catalysis, where the decrease in size is linked to an overall
increase on catalytic efficiency. Key to this is the need for the nanoparticles to be well dispersed as the
coalescence of nanoparticles with time can result in significant efficiency losses. Many attempts have been
made to understand coalescence of metal nanoparticles [167, 175–177, 180, 234, 235]. Silver in particular has
been the subject of various high impact papers [50,140,191,236]. Additionally, the oxidation or reaction with
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contaminants in the environment can similarly reduce the usefulness of many nanomaterials for their desired
application. Another common goal of nanotechnology is to control the surface chemistry of nanomaterials
by attempting to control their morphology.
Understanding the above effects is very challenging, since many synthesis techniques involve the use of wet
chemical techniques that result in nanoparticles stabilised with organic ligands, or containing contaminants.
The properties and behaviour of such nanoparticles is therefore markedly different to the behaviour of clean,
contaminant free samples. In this thesis, a physical deposition technique is utilised that produces clean
metallic samples under high vacuum conditions. Subsequent experiments probe the surface chemistry and
physics of these materials.
The overarching theme of this project is understanding the interactions of nanomaterials with one another
and their environment. The coalescence of silver and gold, both with each other and themselves, will be
explored. The oxidation of nickel in an electron beam will be studied, and attempts made to understand
whether this oxidation is facet dependent. TEM will be used as a key characterisation tool throughout the
results presented in this thesis, since it is an enormously powerful technique that can provide a wealth of
information about the structure of nanomaterials. In particular, the electron beam will be used as a tool to
manipulate nanoparticles, and in-situ experiments will be shown. Of particular interest is the morphology
of the nanoparticles and what influences this has on nanoparticle behaviour and deformations. TEM is
perfectly suited to imaging of defects, morphological changes, dislocations and other faults in nanoparticle
structures.
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2.1 Chapter Outline
This chapter will discuss the theory regarding how nanoparticles are created using the Nanosys, a modified
IGA UHV system, together with the theory regarding many of the additional capabilities of the system
that allow the creation of nanoparticles with differing sizes, shapes as well as the use of mixed materials.
IGA techniques will also be discussed, in terms of the implications that this method has on the types of
nanoparticles produced. A brief introduction to TEM will also be given, outlining the salient information
for interpretation of the micrographs obtained in this thesis.
2.2 Preparation of Nanoparticles
The Nanosys is a custom built UHV deposition device with the capability to produce nanoparticles of specific
sizes, and offers in-situ annealing and plasma irradiation of nanoparticles. In addition to this the system has
the potential to produce core-shell nanoparticles.
Figure 2.1: Nanosys UHV deposition system
The system consists of a main chamber in which a substrate is loaded in from a load lock area using a
transfer arm, to be placed on a sample table. Aligned with the sample table is the deposition source, from
which a beam of nanoparticles is produced and deposited onto the substrate. The system produces particles
via an IGA technique, meaning that an atomic vapour is produced from a heated target, which is mixed
with an inert gas. As the gas vapour mix is cooled by adiabatic expansion, supersaturation occurs and hence
41
Chapter 2. Background to Experimental Techniques
cluster formation [237].
The key components of the system are outlined in Fig. 2.2. Initially nanoparticles of a chosen material are
created in the source in Chamber 1, shown in red in Fig. 2.2, before being passed through the core-shell
coater in Chamber 2, where there is option of coating with a layer of nanoparticles of a second material.
After this step the nanoparticles pass through the quadrupole mass filter in Chamber 3, where they are
filtered to a specific size. The nanoparticle beam then passes into the main chamber (Chamber 4) where it
is deposited on the substrate. At this stage, a bias or heating can be applied to the substrate, and a Radio
Frequency (RF) plasma source mounted on the back of the main chamber provides the option of reacting
samples with atomic gas species. An outline of the functions and theory behind each of the components of
the system is given in this section.
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Figure 2.2: Generation of Nanoparticles with Nanoparticle source. Featuring Chamber 1: the nanoparticle
source, Chamber 2: the core-shell coater, Area 3: the quaduropole mass filter and Chamber 4: the main
chamber where particles are deposited.
2.2.1 Nanoparticle Source
The nanoparticle source creates particles using a Direct Current (DC) magnetron source into which a 2”
target is loaded. Magnetron sputtering deposition is a form of PVD, normally used to create thin films, but in
the case of this instrument, the concept is modified in order to generate nanoparticles. In a basic sputtering
set up, an inert gas such as argon is supplied in the vicinity of the target and a negative potential is applied
to the target to be sputtered. Background cosmic radiation will result in the ionisation of some of these
argon atoms into Ar+ ions, as shown in Fig. 2.3. The ionised argon atoms are then accelerated towards the
target, resulting in the release of target material and secondary electrons. The electrons ionise the argon gas
further, and a cascade reaction begins. In a magnetron sputtering source, a solenoid and toroid magnet are
placed under the target. These magnets create a magnetic field parallel to the target surface which constrain
secondary electrons to be close to the target, which results in an increased ionisation probability. This allows
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for reduced operating voltages and pressures compared to standard sputtering setups. The reduced power in
turn means the target is heated less, but cooling water is still necessary to remove heat from the magnetron,
as indicated in Fig. 2.3.
current
target
Figure 2.3: Cross-section and basic operation of a magnetron sputtering source
To ‘strike’ a plasma, there is a breakthrough voltage, VB , specific for each material, which is determined by;
VB = A
Pd
ln(Pd) +B
(2.1)
where A and B are constants governed by the material, d is the electrode height and P is the gas pressure [238].
In the system, the sputtering target height can be controlled using the ‘linear translation’ manual control
outside of the target, the gas pressure is controlled using mass-flow controllers, and the voltage is manually
controlled on an electronics rack by variation of the current. Once the breakthrough voltage has been reached
and a plasma struck, this means enough ions are present to sputter the material. To lower the gas pressure
needed to achieve the breakthrough voltage, a ring magnet is placed below the target (this is shown in
Fig. 2.3). The magnetic field traps electrons, forcing them to spiral round a circular ‘racetrack’ pattern
over the surface of the target. The electrons therefore spend longer in the gas, increasing the ionisation
probability. This effectively reduces the breakthrough pressure by a factor of up to 100. This results in
higher deposition rates, but fewer collisions for sputtered material due to the reduced pressure. This can
be a problem in conventional sputtering systems where the substrate to be covered is relatively close to the
magnetron source, but in this instrument, atoms that are created enter a ‘high’ pressure condensation zone
(see Fig. 2.2). A large number of gas molecules means that the mean free path of the atoms is reduced so
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that they form nanoparticles in the ‘condensation zone’ and then migrate towards expansion zone, where
they increase in mass before being ejected as a beam of nanoparticles. The resultant nanoparticle size is
between 1-20 nm depending on the target material. Smaller sizes can be theoretically achieved if liquid
nitrogen cooling is implemented.
The size of the nanoparticles can be tuned more precisely by changing the sputter parameters, that is; the
sputter current, pressure and target-substrate distance. The sputter current determines the rate of deposition
and hence affects the amount of time spent in the condensation zone. Increasing the sputter current also
increases the applied voltage, which gives the sputtered particles more energy to escape from the target.
Increasing the voltage increases the number of sputtered particles per incoming ion, i.e. the sputter yield.
There is only a very weak dependence of cluster size with power [239]. Changing the pressure in the chamber
changes the mean free path, λ of the particles, and hence the number of collisions that will take place before
reaching the substrate, according to;
λ ∝ 1
P
(2.2)
The target-substrate distance also controls the number of collisions a nanoparticle will encounter on its route
to the substrate.
The nanoparticles produced using this process usually possess one additional charge, allowing them to be
electrostatically manipulated, both by the quadrupole mass filter and the bias applied to the source. [240]
DC sputtering is used for conductive targets. DC sputtering means that a constant voltage is applied in
order to accelerate ions into the target. Since the material is a conductor the resulting charges can move
freely within the material and no charge build-up occurs. However, if the material is an insulator, applying
a constant voltage will result in charges building up in fixed positions on the target surface, making further
bombardment of the surface impossible. Therefore, for insulating or semiconducting targets, an alternating
current is used at a frequency of 50 kHz or above. This high frequency is essential to prevent heavy ions
from making contact with the target surface, since they will follow the current slower than electrons. This
prevents build up of contaminants: i.e. oxides, on the surface which would lead to poor sputtering and
eventual damage to the power supply.
Core-Shell Coater
The core-shell coater is simply a secondary magnetron sputtering source, arranged perpendicular to the
beam. In theory nanoparticles created by the first source should pass through the core-shell coater, and ions
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from the core-shell coater condense onto the existing nanoparticles.
2.2.2 Quadrupole Mass Filter
Nanoparticles entering the quadrupole mass filter usually possess one additional charge as a result of the
magnetron sputtering process (which will be discussed in section 2.3.1). This charge allows them to be
electrostatically manipulated by the mass filter. A quadrupole mass filter consists of four parallel metal rods
with a central space as shown in Figure 2.4. An Alternating Current (AC) is applied to two opposing rods
and DC is applied to the other two. The AC field makes nanoparticles spiral as they traverse through the
quadrupole, whereas the constant voltage drags them towards one of the electrodes. Light nanoparticles, with
small mass to charge ratios, will follow the alternating component of the field, whereas heavy nanoparticles,
with large mass to charge ratios will follow the DC field. By controlling the applied voltages precisely, one
can select for a specific size. In the case of the mass filter installed on the Nanosys, it is the AC field that is
controlled, and the DC field held constant.
Figure 2.4: Schematic to show the operation of a quadrupole mass filter, where M1, M2 and M3 signify
particles of different masses being acted upon by the alternating and direct currents. Reproduced from [241]
At the exit of the quadrupole mass filter there is a grid which analyses the ion flux at the selected mass
and registers a current according to the flux. This current is representative of how many nanoparticles
occur at a particular mass. The accompanying software allows selection of a particular nanoparticle size,
by inputting the known density and atomic mass of a material. The software plots intensity of the signal
against nanoparticle size. A typical plot for silver is given as an example in Fig. 2.5. The current in nA
is the signal recorded by the grid at the exit of the mass filter, and is therefore a measure of the flux of
nanoparticles passing this grid. A signal of 0.7 nA as seen in Fig. 2.5 is considered to be fairly low, but in
keeping with what one might expect for a silver signal with no gas applied to the core-shell coater and no
bias applied to the substrate. One can estimate a time required for deposition from the flux, however there
is no direct relationship between flux and the total deposition time required, since there are many other
variables present which can effect the total rate of deposition on the substrate.
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Figure 2.5: An example MesoQ spectrum for silver
2.2.3 Radio Frequency Plasma Source
The RF plasma source generates an Inductively Coupled Plasma (ICP) which dissociates gases. ICPs are
plasmas generated where energy is added to the plasma via RF-induced collisions. Within the RF plasma
source, or any ICP, RF power is applied to a ‘load coil’, causing an alternating current to oscillate at the
frequency set by the RF, in this case about 13 MHz. This is a lower frequency for an ICP system, and the
end result is a ‘soft’ plasma with minimal ion energy. The alternating current in the coil induces a magnetic
field in the area around the coil. Argon is flowed through the device and the induced magnetic field induces
azimuthal electric currents in the gas. Seed argon ions and electrons are present as a result of cosmic
radiation, these are accelerated in the magnetic and electric fields and collide with argon atoms, causing
further ionisation, creating a chain reaction. This chain reaction continues until a plasma is formed [242].
2.2.4 Sample Table
The substrate temperature of the system can be varied up to 500oC. Raising the temperature of the substrate
will affect the crystallisation and density of samples. A bias voltage can be applied to the substrate of up
to 6 kV, which accelerates nanoparticles towards the substrate. At accelerations  1 eV per atom particles
are ‘soft landed’, i.e. they land with no deformation. At high accelerations, above ∼ 2 kV, thin films
can be formed. At intermediate biases particles deform upon impact and are no longer spherical, and the
interactions between substrate and nanoparticle are increased. The sample table can be rotated at between
1 and 20 rpm. Since the deposition source is mounted at an angle relative to the substrate, this function is
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essential for even surface coverage during depositions.
2.3 Nanoparticles formed by Cluster Deposition: Predicted Growth
and Structures, Kinetics
Clusters grown in IGA techniques are created in extreme non-equilibrium conditions, which allows the
production of metastable nanoparticles and nanostructures [237]. Additionally, one is able to precisely tune
the size using the mass filter, and the landing energy using the application of the substrate bias, which will
both in turn affect growth on the substrate and final morphology [243,244].
2.3.1 Cluster Formation and Transport
Nanoparticle formation occurs in the source chamber (Chamber 1 in Fig. 2.1) due to the mixing of the atomic
vapour of target atoms with the inert gas, as the gas is cooled by adiabatic expansion, supersaturation occurs
and hence clusters are formed [237]. The mixing of the ions from the argon plasma and target atoms results
in the attachment of some of the ions, which impart a charge to the forming clusters. The charge can be
positive or negative but is generally independent of cluster size; it is normally only one unit of charge, since
the nanoparticles do not spend enough time in the chamber to collect more charge [239]. Initially, the high
pressure in the source chamber means that the argon behaves as if there is a viscous laminar flow, this
results in nanoparticles having a larger cross section than the argon atoms. The nanoparticles in the source
chamber will move at the drift velocity of the gas [245].
Nanoparticles depart the chamber by a small orifice/aperture, as shown in Fig. 2.2, where it is marked
‘expansion zone’. The creation of a nanoparticle beam is due to a rapid increase in the flow of argon gas
through the aperture, as it moves into a lower pressure area and expands [245]. The drop in pressure is in fact
several orders of magnitude over just a few mm [245], and the speed of the argon gas through this aperture is
near the speed of sound [239]. The clusters simply cannot accelerate as quickly as the gas, due to their mass.
This results in an increase of cluster density near the aperture which increase cluster-cluster coagulation for
neutral clusters. Additionally, since larger particles are accelerated more slowly, their flights are deviated
further from the path of the gas [245]. The shape of the chamber on the approach to the aperture will
determine the aerodynamics of the particles as they pass through the aperture and immediately afterwards.
Generally, if a purely conical shape was adopted for the chamber, the argon would accelerate so quickly
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through the aperture, that an ‘aerodynamic lens’ would be created and the greater part of the nanoparticle
beam would be lost. A more cylindrical shape is chosen for the final few mm before the aperture to reduce
aerodynamic focusing [239].
There is a very high quenching rate in the beam, so particles stop growing and lose energy for restructuring
once they depart the Nanogen chamber [237]. The characteristics of the particle which determine the
transport of clusters from the source to the substrate are the size and mass distribution, their charge and
their velocity [245].
2.3.2 Interactions and Kinetics on the Substrate
Once nanoparticles make contact with the substrate, various processes can occur as a result of the leftover
kinetic energy from the particle flight [246]. Processes on the substrate include diffusion and evaporation
[237]. The level of diffusion is dependent on the diffusion constant of the particular material. Generally if
the time for the particle to diffuse by its own diameter is less than the time it takes for another nanoparticle
to arrive at a neighbouring substrate site, islands will form on the surface. Additionally, remnant kinetic
energy will vary according to the ‘impact energy’. There are three impact energy regimes that will effect the
morphology of the particles and the overall particle landscape [244]:
1. Low energy, <0.1 eV/atom : The memory of the free cluster phase will be preserved and particles
will maintain their shape upon contact with the substrate [247]. The morphology of the nanoclusters
on the substrate is dependent on the cluster material and the substrate temperature and surface [244].
2. Intermediate energy, ∼ 1 - 10 eV/atom : Results in strong adhesion to the substrate as clusters
interact strongly with the substrate. Particles generally maintain their overall shape but defects can
be induced on the surface of the substrate and in the clusters themselves. For particles that are usually
mobile on their substrate, an intermediate impact energy can remove some or all of their mobility, due
to both the strong interactions with the substrate and the presence of substrate defects which act as
traps and hinder movement [244].
3. High energy, >10 eV/atom: The cluster smashes into the substrate and breaks from from the
impact, the high kinetic energy from the particle is transferred to the adatoms which are then able
to move on the substrate. In this way epitaxial thin films can be achieved at lower temperatures
than other synthesis techniques [237]. Additionally, the substrate is likely to be damaged from the
impact [244].
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It is predicted that for higher than 15 % surface coverage, particles prepared by cluster deposition will
agglomerate once deposited on a substrate [237]. There is an equation that predicts a fixed number, Nsat
for the point at which island-island agglomeration will begin to occur, this being given by;
Nsat = 0.53(Fτ)
0.34 (2.3)
where F is the particle flux in monolayers per second, and τ is the diffusion time, i.e. the mean time needed
for clusters to ‘jump’ between two sites. Both of these parameters will be material dependent [248,249].
This has the result that despite selecting a specific filtration size using the mass filter, nanoparticles can
be expected to agglomerate post deposition, depending on the surface coverage. Since the parameters in
equation 2.3 are material dependent, the deviation from filtration size for different surface coverages will be
material dependent.
2.4 Transmission Electron Microscopy
A TEM column consists of a series of lenses and apertures, as illustrated in Figure 2.6.
Figure 2.6: The lenses an apertures of which a TEM column is comprised [250]
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The probe diameter is determined initially by the diameter of the beam from the electron gun and can be
broadened by spherical aberration in the lenses and diffraction at apertures [251]. Electrons, once emitted
from the electron gun, initially meet with the condenser system, consisting of several lenses and an aperture,
at which point the electron beam is converged and the brightness of image determined. The condenser lens
system concentrates electrons to a point of focus above the specimen. The specimen is illuminated by a
parallel beam of electrons. As the elections pass through the specimen they are diffracted by the lattices in
the crystal, and form Bragg beams that propagate in different directions.
The objective system is responsible for the formation of an initial inverted image and magnifying the image
by a small amount and controlling focus. Just below the objective lens, a diffraction pattern is formed in
the back focal plane. The objective aperture can be inserted here. The intermediate and projector lenses
magnify the image further. The image is cast onto a phosphor screen or can be acquired by a detection
system, e.g. a camera [252].
A micrograph will have contrast, for which there are three main mechanisms:
• Mass-thickness contrast: Dependent on the density, atomic composition and thickness of the sam-
ple. This is particularly important for amorphous samples.
• Diffraction contrast: Also known as amplitude contrast. For crystalline materials, high-orientation
alignments will diffract electrons further away from the optical axis. This will result in highly diffracting
regions appearing darker in the final image.
• Phase contrast: Electrons undergo a phase change due to sample thickness as well as the electrostatic
and magnetic properties of the sample.
Different imaging techniques will often exploit different types of contrast, to extract different information
about the sample.
2.4.1 Electron Interactions with the Specimen
When the electron beam penetrates the specimen, there is a volume in the sample in which the electron-beam
interactions occur, called the ‘interaction volume’.
The interaction volume depends on;
• Z number of the material: a higher Z number means that a material is more electron absorbent,
and therefore will have a small interaction volume.
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• Accelerating voltage: a higher accelerating voltage means that more electrons are able to penetrate
further and so there is a larger interaction volume.
• Incident angle of the electron beam: a larger angle means a larger interaction volume.
• Specimen thickness
Most of the various types of interactions that occur as the ‘primary’ electrons travel into the sample and
interact with atoms are shown in Fig. 2.7. Techniques in TEM often exploit one or more of these processes,
and use the specific information they give to understand different aspects of the specimen being studied.
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Figure 2.7: Schematic showing the electron beam interactions with the sample in TEM
2.4.2 Bright Field, Dark Field and High Resolution TEM
The schematic in Fig. 2.6 shows the typical set-up for Bright Field (BF) imaging, which is the standard
for simply viewing a specimen. In BF imaging, a small objective aperture is used to filter out scattered
electrons, and the final image is formed of only unscattered electrons. In Dark Field (DF) imaging, the
unscattered electrons are removed from the final image, and only scattered electrons contribute. DF images
have high contrast, but low intensity compared to BF micrographs [253].
There are two ways of obtaining a DF image. The lower resolution method is to position the objective
aperture to remove the unscattered electrons, however this involves using electrons that have been scattered
far from the optical axis and so have high spherical aberration, Cs. Instead, for higher resolution images, the
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electron beam can be tilted so that a diffracted beam is incident on the optic axis and a centred objective
aperture employed.
For a truly high resolution image, the objective aperture should be widened or removed entirely and the
Bragg reflected beams from the sample allowed to interfere with one another. These diffracted beams are
lost in BF TEM, since only the transmitted beam is being allowed through the objective aperture, and the
resolution is limited to about 2 nm [254]. The three modes of operation are shown schematically in Fig. 2.8.
specimen
objective lens
objective aperture
(a) (b) (c)
Figure 2.8: Schematic showing the (a) BF, (b) DF, and (c) HR-TEM beam optics. Reproduced from [254]
2.4.3 Sources of Resolution Loss for High Resolution TEM
Much of this thesis involves drawing conclusions from HR-TEM micrographs. To understand the validity of
these conclusions, one must understand the limitations of the individual microscopes used, namely the FEI
Titan and Jeol microscopes. The Titan features a Cs corrector, whereas the Jeol 2010 and 2100F microscopes
do not.
If a lens is spherically aberrated, rays that pass through at a high angle to the optic axis will reach a focus
point before those rays passing through at a lower angle, as shown in Fig. 2.9. Therefore there is no longer a
single focus point and we get smearing of the image, as shown in Fig. 2.10. To limit aberration, we can insert
an aperture to filter out electrons further away from the optical axis, and this will filter out the incorrectly
focused high angle rays. However, it is these high angle rays that contain the information about the smaller
spacings in the sample, and by filtering them, though the image will improve , we limit the resolution of the
microscope [255].
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(a) (b)
Figure 2.9: Ray diagram comparing the effect of (a) Cs with (b) Cs corrected, reproduced from [255]
(a) (b)
Figure 2.10: Micrograph comparing the effect of (a) Cs with (b) Cs corrected, reproduced from [250]
Delocalisation can cause artificial contrast mechanisms, such as demonstrated in Fig. 2.11(a), where delo-
calisation at interfaces causes false contrast in the image. This can be corrected by the use of a Cs corrected
microscope, see Fig. 2.11(b).
(a) (b)
Figure 2.11: Micrograph comparing the effect of (b) delocalisation with (b) Cs corrected, reproduced from
[256]
Another factor limiting resolution is the chromatic aberration, Cc; the electron beam is non-monchromatic,
meaning that electrons with differing wavelengths are not focussed by the same amount, so as with Cs we
get electrons being brought to a different focal point, resulting in smearing of the final image [255].
The resolution of a microscope is also proportional to the wavelength of the electrons via the Rayleigh
Criterion;
δ =
0.61λ
µsinβ
(2.4)
where λ is the electron wavelength, µ is the refractive index of the viewing medium and β is the semi-angle
of collection of the magnifying lens. The denominator can be put to 1, since β is very small and µ is 1 for a
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vacuum, and so the resolution is δ = 0.61λ. This is in turn proportional to the accelerating voltage via De
Broglie’s equation corrected for relativistic electrons;
λ =
h
[2m0eV (1 +
eV
2m0c2
)]
1
2
(2.5)
where h is Plank’s constant, m0 is the electron mass, c is the speed of light and V is the accelerating voltage
of the microscope.
Hence by increasing the accelerating voltage, the resolution is improved. However, the relativistic effects are
increased with increasing accelerating voltage. Additionally, many samples can’t take the increased beam
damage this causes (see Section 2.4.8), and also increased accelerating voltage increases the overall cost of
the microscope. Other factors that limit resolution include the virtual source size, which results in limited
spatial coherence in the beam and also instrumental instabilities, which give the incident e-beam a range of
wavelengths.
2.4.4 Microscope effects and Image Artefacts
Fresnel Fringes
Fresnel fringes are caused by over or under-focusing of the objective lens, since the objective lens controls
where the object plane is. Fresnel fringes result in a contrast effect where electrons coming through regions
of different mean inner potential, Vo, appear light or dark at the edges, depending on whether electrons
were deflected towards or away from one another. Fresnel fringes can be useful in correcting astigmatism in
the objective lens, and also have use in techniques such as electron holography, which will be discussed in
Section F.1.
Moire´ Fringes
Moire´ fringes are an effect that results from the superposition of multiple misaligned sets of planes with
similar periodicity. The appearance of these fringes can vary, but there are two types of Moire´ fringes,
these being rotational and translational, both shown in Fig. 2.12. The relative orientation of at least two
sets of planes can produce the effect of a pattern with a larger periodicity than that of the contributing
crystal planes. If many planes are overlaid, more complicated effects can be observed, see Fig. 2.12(d). For
straightforward planes, as shown in the upper half of (d), this may not create an obvious pattern, however
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if one imagines that the atomic columns can be individually seen, one can observe an interesting spiralling
effect as shown in the lower half of (d) that is often observed in micrographs that show a particle undergoing
restructuring as many planes co-exist in the same area. Moire´ fringes serve to magnify the lattice’s to some
extent, and can be useful in spotting dislocations in a crystal lattice that would be too small to see from
simple inspection of a single crystal plane [250].
(a) (b) (c) (d)
Figure 2.12: Moire´ fringes resulting from (a) translation, (b)-(c) rotation, (d) mixed rotation and translation
of multiple layers. Modified from [250]
2.4.5 Diffraction and Fast Fourier Transforms
Reciprocal space is the Fourier transform of real space, in which a reciprocal lattice is composed of a series
of points. Each point on the reciprocal lattice represents a reflecting plane in the crystal. It is in reciprocal
space that it is easiest to interpret diffraction information. There are two methods of obtaining reciprocal
space information in TEM, these being SAD and through the use of FFTs. In SAD, a diffraction aperture is
inserted into the beam after the objective aperture, as shown in Fig. 2.6. FFTs are performed via processing
of the image after acquisition. The information gained from SAD and FFT can often be similar, in that both
techniques provide a reciprocal lattice image, but with some key differences. In general, SAD is preferable
over a larger sample range. In SAD the collection area is not the field of view, but rather the area of
the sample enclosed by the chosen diffraction aperture. SAD is provided using diffracted waves that are
incident on a detector after electron beam scattering on the sample. Any TEM image generated therefore
only contains information about these scattering events. There are also ‘missing reflections’ in SAD due to
55
Chapter 2. Background to Experimental Techniques
destructive interference between diffracted rays from multiple planes. This is often useful in that a structure
factor F(θ) [250] can be applied to correct for change in intensity as a result of interference. F(θ) is a measure
of the amplitude of scattering for a particular unit cell in a crystal, and is given by the sum of all of the
scattering contributions from individual atoms:
F (θ) =
+∞∑
i
[fie
2pii(hxi+kyi+lzi)] (2.6)
where f(θ) defines the type of atom, x,y and z refer to the position of the atom in the unit cell and hkl define
the atomic planes.
Application of the F(θ) formula to a FCC crystal leads to only ‘all even’ or ‘all odd’ values for hkl surviving,
all other combinations reduce to 0. For many randomly orientated nanoparticles, the SAD will appear as
a series of concentric rings around the central transmitted beam, in which the radius of each ring will give
the spacing for a particular {hkl}. With FFT, a computer algorithm makes an inverse transformation of an
image, rather than a scattering event. Therefore, the reciprocal image generated is not only going to contain
diffraction-like information, but also all the other information associated with the image, which can lead to
misidentification of features as false diffraction spots. It will also include spots that are missing reflections
in SAD. In general however, the positions of, and angles between, Bragg spots in SAD are equal to those in
FFT for a centrosymmetric crystal, and so images can be interpreted in a similar way, yet cautiously.
To interpret diffraction information, the methodology is the same for FFTs and SAD patterns. Consider a
beam diffracted by an angle 2θ and a distance r from the transmitted beam at the origin, as shown in Fig.
2.13.
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Figure 2.13: Schematic to highlight methodology for SAD and FFT analysis. Reproduced from [257].
For small angles, tanθ = θ and so;
2θ =
r
L
(2.7)
Knowing that Bragg’s law for constructive interference must apply;
nλ = 2dsinθ (2.8)
where λ is the wavelength of the electrons, d is the distance between lattice planes, n is an integer, θ is the
angle of diffraction.
For small angles, sinθ = θ and so;
rd = Lλ (2.9)
where L is the camera length.
For any particular microscope Lλ is a constant, and is corrected for in the magnification calibrations (which
have accuracies of geq 1% and depends on the position of specimen relative to the objective lens, among
other factors [258]), and r can be measured from any pattern to obtain the d-spacing.
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2.4.6 Scanning Transmission Electron Microscopy
Scanning Transmission Electron Microscopy (STEM) involves the use of a fine probe of typical size 5 nm to
0.1 nm diameter, which is rastered over the sample. The smaller the probe, the better the STEM resolution.
It is important for the scanning beam to remain parallel to the optic axis, as otherwise it would intercept
the specimen at different angles, resulting in a change of the electron scattering processes. To achieve
this, deflector coils are used to raster the focused beam across the surface of the specimen, keeping the
beam parallel. The optics of the STEM column are given in Fig. 2.14. For a combination CTEM/STEM
microscope, the condenser lens in TEM mode becomes the objective lens in STEM mode.
In CTEM, lenses are used to magnify the specimen, and hence any aberrations are also magnified, limiting
the resolution. STEM however does not suffer from these problems, as the lenses are used to form a point,
and then all those points are used to form an image. Any aberrations due to lenses are simply from the
formation of the probe, which is mainly achieved via the objective lens.
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Figure 2.14: Electron Optics for a STEM column. Reproduced from [259]
In STEM, multiple detectors can operate simultaneously, and so more information can be corrected from
each scan, since more of the electron scattering processes shown in Fig. 2.7 can be captured, using Annular
Dark Field (ADF) and High-Angle Annular Dark Field (HAADF) detectors positioned at increasing angles
from the transmitted beam. Generally speaking, high phase contrast is achieved in the BF image, and
the HAADF detector can give high Z contrast, since almost no elastically scattered electrons reach the high
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scattering angles where the HAADF detector sits. However, the electrons which fall on each detector depends
on the camera length, since this is the effective distance between the specimen and the screen/detector plane.
2.4.7 Energy Dispersive X-ray Spectroscopy
Energy Dispersive X-ray Spectroscopy (EDX) involves the detection of characteristic X-rays, which are pro-
duced when primary or backscattered electrons knock out an inner shell electron from atoms in the specimen,
causing higher shell electrons to fill the vacancy. Characteristic X-rays are emitted which have energies cor-
responding to the energy difference between the shells. Characteristic X-rays are typically measured either
from the K, L, or M shells of the atom. In an EDX set-up, a detector is positioned at an angle above the
specimen, which measures the intensity of the X-rays as a function of energy, to give a spectrum of counts
versus X-ray energy. Kα lines are preferable for elemental quantification, since for the L and M lines the
density of states is higher and lines overlap. However, Kα lines are sometimes too energetic for the detector.
X-ray maps will have a background due to Bremsstrahlung from deceleration of the primary electron by the
Coloumbic field of the atom. The Bremsstrahlung radiation will take a continuum of the form;
NE = KZ
E0 − E
E
(2.10)
where NE is the number of Bremsstrahlung photons with energy E, Z is the average atomic number of the
sample, E is the X-ray energy and E0 is the beam energy. K is a constant which takes into account the
efficiency of the detector and X-ray absorption in the sample.
Accuracy and Sensitivity of EDX
Since EDX spectra and maps are formed from counting photons, there is always some uncertainty associated
with this due to statistical error. This is typically of the order of 2σ, and would constitute an accuracy of
±1%. However, accuracy is limited further by other factors, including errors due to [250]:
• ‘Z’ effect: the electron backscattering and retardation both are dependent on the atomic number, Z
• ‘A’, Absorption: X-rays are often re-absorbed back into the specimen, reducing the intensity on the
detector.
• ‘F’, Fluorescence: X-rays from element A can go into element B and excite new X-rays, producing
an artificially enhanced signal for B than A.
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Errors associated with these factors raises the overall sensitivity of EDX to around 2% [260]. However, the
A and F factors reduce with decreasing interaction volume, and hence for thinner samples only the Z factor
contributes and spatial resolution is improved [250]. We see from Eq. 2.10 that Bremsstrahlung is higher for
higher Z, higher Z also has higher backscattering, higher absorption, greater beam broadening, however higher
Z also means a smaller interaction volume and more intense emissions. Realistically, the sensitivity of EDX
for a particular element depends on the other elements present in the sample, the microscope accelerating
voltage, the detector resolution and the total number of counts in the spectrum. The Cliff-Lorimer method
is used for elemental quantification in the TEM, and takes these factors into account [261]:
CA
CB
= KAB
IA
IB
(2.11)
where C is the concentration of elements A or B in weight % or mass fraction, I is the intensity of elements A
or B and K is a constant which includes consideration of the detector efficiency, the ionisation cross section
and fluorescence yield of A and B, and the accelerating voltage.
The Cliff-Lorimer approach negates the dependence of EDX signal for an element on the specimen thickness,
by taking ratios. Typically, the quantitative precision that can be achieved through Cliff Lorimer can vary
greatly depending on the sample; a thin, homogeneous sample with no interfaces can give accuracies to within
2%, however, for nanoparticles where the two elements have peaks close together on the EDX spectrum, the
error can be as high as 20%.
The overall sensitivity and spatial resolution of EDX can be improved greatly with the use of new detectors,
implemented in ‘Super-EDX’ microscopes. These new detectors have better solid angle collection, low dead
times and are windowless, so have less x-rays absorbed in the front electrode of the detector.
It should be noted, since some of the results in this thesis will include a silicon contribution, that measuring
silicon signals with EDX constitutes a larger degree of error than with most elements. The EDX detector
contains a Si dead layer, and will emit a Si Kα signal that can pollute any real silicon signal from the sample.
Realistically this constitutes a signal of about 0.1 wt%, but should remain constant for a particular detector
and hence can be excluded [250].
2.4.8 Beam Energy and Radiation Damage
Most microscopes work at a range of accelerating voltages, which determine the electron energy, Eo. Typically
the microscope will be aligned at one lower accelerating voltage, for example 80 kV, and one or two higher
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voltages, usually 200 kV and/or 300 kV. In general, the voltage that is chosen is dependent on the sample
being studied. The Eo will effect the differential cross section, i.e. the scattering events that occur for
a particular atom. Since the differential cross section is atomic radius dependent, different Eo values will
scatter the electron beam to different solid angles depending on the Z number of the sample.
In general, for all scattering mechanisms, the total cross section will decrease with increasing Eo. Therefore
for higher electron energies, less scattering occurs in the sample. This will effect the types of damage
processes that occur to the sample. There are two main types of beam damage to sample associated with
Eo, these being [262,263];
1. Ionisation or ‘Radiolytic’ damage: Due to the inelastic scattering of beam electrons with atomic
electrons of the nuclei of the sample, this can change the structure of a sample and result in loss of
mass. This damage is prevalent at low Eo. This is because cross section, σ for inelastic scattering
varies inversely with Eo.
2. Knock on damage: Due to the elastic scattering of beam electrons through interactions with the
atomic fields of nuclei in the sample. The energy transfer from the collision is sufficient to sputter
atoms from the sample. The loss of atoms from the sample can cause defects in the crystal structure
of the sample. This damage is prevalent at high Eo, since there is a minimum displacement energy
(sample specific) for knocking out atoms from a particle, and reducing the Eo can reduce or eliminate
this damage mechanism.
The sensitivity of a sample to each type of damage outlined above is specific to the sample, and varies enor-
mously. Conductive samples are only sensitive to knock-on damage, whereas semiconductors and insulators
are more sensitive to radiolytic damage [262]. For most metallic nanoparticles, higher operating voltages are
chosen, despite the sensitivity of conductive materials to the knock on damage, metals are not considered to
be ‘sensitive’ samples, and the benefits of high accelerating voltage include reduced scattering in the sample
makes imaging of thicker samples possible than for lower accelerating voltages.
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3.1 Chapter Outline
This chapter will provide the process steps involved in creating nanoparticles on the Nanosys, and provide
a form of standard operating procedure of the system. The growth and TEM characterisation of metallic
nanoparticles will be outlined, giving the recipes for the creation of nanoparticles and the beam conditions
for TEM experiments.
3.2 Running an Experiment on the Nanosys
Chapter 2.1 gives a thorough description of the key components of the Nanosys, and how the system relates to
standard magnetron sputtering and IGA techniques. This section is therefore concerned with the operational
steps involved to create nanoparticles.
Figure 3.1 shows the key components of the nanoparticle deposition source, as previously given in Section
2.2.
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Figure 3.1: Generation of Nanoparticles with Nanoparticle source. Featuring Chamber 1: the nanoparticle
source, Chamber 2: the core-shell coater, Area 3: the quadrupole mass filter and Chamber 4: the main
chamber where particles are deposited.
A standard experiment consists of the following basic process steps:
1. Target Exchange
A 2”’ metal target(s) is inserted into the nanogen and, if using, a oblong 150 mm x 50.8 mm target into the
core-shell coater (Chamber 1 or Chamber 2 respectively in Fig 3.1). This involves first venting the system,
which is normally kept under vacuum when non-operational. The magnetron source is then removed entirely
and taken to a fume cupboard for target exchange. The magnetron is cleaned thoroughly using isopropanol
and lint-free cloths, to remove any accumulated material from previous depositions. The inside of the dome
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shaped chamber is also cleaned, using isopropanol and lint free cloths to clean the sides of the chamber and
test tube brush cleaners to clean the small aperture where the nanoparticle beam exits Chamber 1. The
‘anode cap’ which covers the target is removed, and the target exchanged, and the anode cap screwed back
on, allowing a small gap between target and cap so that the target is electrically isolated from the rest of the
magnetron head. The magnetron is then taken back to the system, a new copper gasket is placed around
the magnetron flange (to prevent vacuum leaks it is essential to always replace gaskets when a component
is removed), and the magnetron is screwed back into position on the nanoparticle deposition system.
2. Insertion of Sample and Sample Transfer
Following target fitting, Chambers 1-4 can be pumped down to high vacuum, using first an Agilent SH-110
dry-scroll backing pump, to reach a pressure of 10−1 bar, at which point two HiSpace Pfeiffer turbo pumps
are switched on to take the chamber to the high vacuum regime. Samples are inserted into a ’load lock’
chamber, not shown in Fig 3.1. This chamber is adjacent to the main chamber, has a separate backing
pump and turbo pump, and is separated by a gate valve, which means that the chambers can be at different
vacuum levels. Therefore samples can be exchanged for new samples without breaking the vacuum in the
main chamber. The load lock chamber is small and takes approximately 1 hour to reach a vacuum of 10−7
mBar, whereas the main chamber takes approximately 1 day to reach this vacuum. The sample holder sits
on a sample transfer fork in the load lock chamber. The sample transfer fork is on a long arm which can
move on a fixed track between the sample mounting position in the load lock chamber, and the sample
table in the main chamber. The sample holder has a 2” space available for sample mounting. This space
is flexible and any sample up to 1 mm in thickness can be placed here, either by using screws to clamp in
position or using carbon tape to stick the sample in place. The samples will be suspended in an upside down
position for the duration of the experiment, and so they must be tightly afixed to the sample holder. For
the experiments detailed in this thesis, the sample is typically a holey carbon 300 mesh a-C foil, purchased
from either Agar Scientific or Taab Laboratories Equipment ltd. Multiple samples are usually loaded per
deposition. Once the sample is mounted, the load lock chamber is pumped down, and once the chamber is at
a comparable vacuum level (within one order of magnitude) to the main chamber, the gate valve separating
the chambers can be opened and the sample transferred. The sample fork is placed under the sample table
and the sample table can be mechanically lowered using a linear transfer mechanism, to intercept the sample
transfer fork and remove the sample holder to sit on the sample table, where it is suspended in-line with
where the nanoparticle beam will emerge. The sample transfer fork is then removed back into the load lock
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chamber and the gate valve shut. The sample is then covered with a shutter, to prevent material being
deposited onto the sample while the nanoparticle beam conditions are being optimised.
3. Striking a Plasma and Creation of a Nanoparticle Beam
Once the vacuum reaches a pressure below 10−7 mBar, an experiment can be performed. Firstly, the the
argon gas supplied to the nanogen, GN is turned on to about 20-30 sccm. The argon flow is regulated by
Mass Flow Controller (MFC)s from MKS instruments, which are calibrated to the particular gas and can
be controlled to a precision of 1 sccm. The argon gas is 99.9999 % high purity, from BOC. This is necessary
to produce clean nanoparticles and to keep the vacuum environment clean. Once the gas flow is on, the the
power applied to the nanogen, PN is turned on, and the current put at about 0.1 A. This generates a plasma
around the magnetron. Initially this plasma will be very unstable and will arc considerably, which can be
observed either by looking through a viewing chamber on the magnetron source, where the plasma will be
observed to cut out, or by looking at the DC power supply for the nanoparticle source, where the observed
voltage will jump in value. To stabilise the plasma, the gas flow is lowered to 6 sccm and the target is left to
clean for a minimum of 5 minutes. During this time, one can observe the voltage on the DC power supply,
which will initially decrease quickly and then will slow and stabilise as the target is cleaned.
4. Optimising the Beam Conditions and Performing a Nanoparticle deposition
Once a stable plasma is established for the nanoparticle source, the quadrupole mass filter is turned on.
The next step is to then turn up GN, until mass filter signal is optimised. Following this step the argon gas
to the core-shell coater, GCSC is turned on, and the two gas flows, together with the PN and the the total
deposition time, Th are optimised for the best mass filter signal. The target is then allowed to sputter until
the mass filter is seen to be stable over a period of several minutes. A recording of the mass filter spectrum
should be taken at this time. the power to the core-shell coater, PCSC is then turned on, if this is being used
for the particular experiment. The other experimental conditions should not be changed at this point, since
changing the PN, Th or GCSC can destabilise the plasma from the nanoparticle source once the core shell
coater is switched on. At this point the bias and sample rotation can be switched on, if they are required,
and a final recording of the mass filter spectrum can be taken. The substrate is then uncovered, a particle
size is selected using the filtering control of the quadrupole mass filter, or it is turned off entirely and the
system is left for an appropriate time (depending on material), checking/recording the stability of the mass
filter spectrum at regular intervals. At the end of the deposition, the substrate is covered again and a final
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mass filter spectrum is recorded.
The basic process described in the above 4 steps is invariable, however the conditions that are optimal vary
not only for each material but for each individual experiment. These conditions are sorted by material and
given in Sections 3.3, 3.4, 3.5 and C.1.3 for the various experiments that are discussed in this thesis.
3.3 Synthesis of Silver Nanoparticles
Silver nanoparticles were produced by using the nanoparticle source with a 2” 99.99 % pure silver target
installed. The quadrupole mass filter was used to study the intensity of nanoparticles and select a size for
filtering. Nanoparticles were deposited onto a substrate that was spun at 8 rpm, often with a 0.2-0.4 kV bias
applied to encourage adhesion to the substrate. This bias is still considered as being in the ‘soft landing’
regime, and fairly little deformation should occur upon contact. Deposition times were varied according to
the observed intensity of the nanoparticle flux spectrum at the filtered point, although no direct proportional
relationship has been observed between filtering time and intensity. This is likely due to targets never being
‘broken in’ fully, as would be standard practice for industrial sputtering [20]. Practically for thin (1-3 mm) 2”
targets, there is insufficient time for pre-sputtering to take place before too much material is lost to conduct
subsequent experiments.
After synthesis, all samples were kept in a desiccator to prevent further oxidation, with the exception of
those samples studied for aging experiments, which were often intentionally left in ambient conditions in
order to observe the natural aging behaviour of these samples. The standard desiccator used was very weak,
however on occasion, samples were stored in a vacuum of 1x10−7 mBar. This was used if samples could not
be imaged on their day of creation, or if it was necessary to store samples for some time before imaging,
for example; for the experiments carried out in the Ernst Ruska-Centre, Ju¨lich, samples had to be created
a week prior to imaging, and sample purity was of utmost importance and so high vacuum storage was
required.
The full experimental conditions of all silver depositions performed is given in Appendix C. In general,
silver experiments are given names which include the chosen mass filter size, eg ‘Dep. Ag5nm ’, which was
filtered at 5 nm, or ‘Dep. Ag ’, where the mass filter was switched off. A suffix of (2) or (3) denotes that an
experiment is the 2nd or 3rd experiment at that filter size.
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3.3.1 In-Situ Oxidation Experiments
The RF plasma source was used for oxidising samples, either with or without the RF power on, to control
whether samples were bathed in a plasma of dissociated oxygen or a simple flow of O2 gas. For all experiments
involving oxidation, a 3 sccm gas flow was used. The oxygen gas used was high purity oxygen, at 99.9999 %.
No bias was applied to samples that were oxygenated, since bias is known to affect the rate of deposition,
and it is undesirable when first attempting a new experiment to include a bias. In this case it was thought
that it was important for nanoparticles to spend sufficient time bathed in the oxygen plasma/oxygen gas
flow while in flight. The oxygen should also continue to react with particles that are already deposited.
After synthesis, all samples were kept in a desiccator to prevent further oxidation. Attempts were made
to keep conditions such as PN, GN, PCSC, and GCSC etc. constant, while the the power to the RF plasma
source, PM60 was varied. The most important variable to be kept constant is the oxygen gas to the RF
plasma source, GM60, as this is seen to have a strong effect on the observed flux on the mass filter software,
see Section 4.7, and hence is thought to dramatically effect the experimental conditions. From the multiple
silver experiments carried out, the other conditions are thought to be not as critical.
The full experimental conditions of all silver depositions performed in the presence of oxygen is given in
Appendix C. These are labelled using the same system as for the silver samples, but an ‘O’ sets them apart
as containing oxygen, eg. ‘Dep. AgO3nm ’.
3.4 Synthesis of Gold Nanoparticles
Depositions were made to study the coalescence of gold nanoparticles in order to better understand gold-
silver coalescence effects. A 2” 99.9 % purity gold target was used in the nanoparticle source magnetron.
While higher purities of target are always desireable, a lower purity target is chosen for these experiments
due to the prohibitively high cost of higher purity.
The full experimental conditions of all gold depositions performed is given in Appendix C. In general, gold
experiments are labelled by filter size, as was the case for the silver nanoparticles.
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3.4.1 Synthesis of Gold and Silver Nanoparticles for Wetting
Experiments
Depositions were made in order to study further the apparent wetting of silver on gold, as seen by Grouchko
et al. [191]. Depositions fabricated for this purpose consisted of first depositing gold, by use of a 99.9 %
pure gold target mounted in the nanoparticle source, then switching the target for a 99.99 % silver target
and depositing silver onto the same a-C foils that were used for the gold deposition.
Depositions of silver ontop of gold were labelled using both elements in the title, e.g. ‘Dep. AgAu1 ’. No mass
filtering was used for these experiments and hence this is reflected in the names of all of these depostions.
These deposition conditions are given in Appendix C to aid easy reference throughout this thesis.
3.5 Synthesis of Nickel Nanocubes
Nickel nanocubes were fabricated by using a 99.99% silver target in the core-shell coater (dimensions: 150
mm length x 50.8 mm height x 3 mm width), together with a 2” 1 mm thick 99.999% pure nickel target in
the nanoparticle source. The nickel target is thinner than standard 3 mm thick targets used for nanoparticle
creation, due to the magnetic field of nickel strongly damping the magnetic field of the magnetron source. To
keep this damping effect to a minimum, thin targets are necessary. The reader is referred to Appendix C for
greater experimental details. Attempts were made to keep most conditions constant, although as discussed
in section 4, there are always difficulties associated with this. The mass filter was used as a crude assessment
of overall signal achieved, and TD was adjusted to attempt to compensate for these factors.
The quadrupole mass filter is not used for depositions of nickel nanoparticles, and they are given labels which
simply include a suffix of (1), (2), (3) etc.
3.6 Transmission Electron Microscopy
Holey Amorphous Carbon 300 mesh films on copper grids were purchased from Agar Scientific and TAAB
Laboratories Equipment Ltd. for deposition straight onto a TEM-ready substrate. For experiments in-
volving high resolution, Chemi-STEM, and Lorentz measurements, where sample purity was important, the
a-C foils were pre-cleaned in an evacuuable furnace at 120oC for 4 hours, to remove some contaminants.
Fully decontaminating the grid is not possible, since high temperatures cannot be used for fear of damaging
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the grid. For samples that had been aged in environmental conditions, if they showed signs of contamina-
tion during imaging, they would be cleaned using a Gatan Solaris Plasma cleaner (using a gas mixture of
hydrogen/argon).
Micrographs were taken using a Jeol JEM-2100F [264], which will henceforth be referred to as the ‘Jeol
2100F’, and on several FEI Titan 80-300 STEM/TEM microscopes [265]. Some early work was performed
on a Jeol JEM-2010, henceforth called the ‘Jeol 2010’. Multiple Titan instruments were used, including
an all-purpose machine located within the Department of Materials at Imperial College (the ‘Titan’), and
dedicated holography (the ‘Titan Holo’) and Chemi-STEM Titan machines located in the Ernst-Ruska Centre
in Ju¨lich.
The Jeol 2010 works by use of a thermionic emission LaB6 filament as the electron gun. The use of a
thermionic emission electron source limits the resolution, and higher resolution images can be obtained with
a TEM that features a Field Emission Gun (FEG), such as the Jeol 2100F and all the Titan machines.
The Titan and Titan Holo use objective image Cs correctors, which further improve the resolution. The
Chemi-STEM Titan features a probe Cs corrector to improve resolution in STEM, as well as 4 Silicon Drift
Detector (SDD)s for improved solid angle collection and which have improved detector efficiency compared
to traditional lithium drifted silicon.
The microscope conditions for particular experiments, such as condenser aperture, spot size, current density
etc for specific experiments are all given in Appendix E. Where electron dosage is important, for example
for coalescence experiments where behaviour will be beam energy dependant, the current density and the
total exposure time in seconds will be given in the figure captions for specific experiments in the results
sections of this thesis. From this, the reader can calculate total dosage from multiplying current density and
exposure time for any micrograph.
3.6.1 Bright Field Transmission Electron Microscopy
All BF TEM measurements were performed either on a Jeol 2100F 80/200kV Microscope or a FEI Titan
80-300kV STEM/TEM. Successive images of nanoparticles changing shape or coalescing were carried out
by conducting image series with set time periods between captured images. Generally speaking, the Titan
has superior resolution than the Jeol 2100F, and hence would seem like a natural choice for all image series.
However, the Jeol 2100F at Imperial has the significant advantage that the computer it is connected to is
more powerful, and hence more images can be taken as a series without encountering software problems.
Therefore the Jeol 2100F was often preferred due to increased reliability of the computer system.
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All experiments were performed with the Titan at 300 kV and the Jeol 2100F at 200 kV.
3.6.2 Analysis of Transmission Electron Micrographs
To calculate nanoparticle size and surface coverage of TEM images, the software ImageJ was used [266]. This
free program offers many capabilities for image processing and manipulation, and estimates of particles size
can be made from averaging all the particles on the micrograph. Fig 3.2(a) shows an original unprocessed
micrograph of some silver nanoparticles. To calculate particle size using this software, the image must first
be made evenly bright using a polynomial filter, the result of which is shown in Fig. 3.2(b). If this step is
not done first, the result can be that the software will detect different relative sizes of particles in areas with
different brightnesses.
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(a) (b)
(c) (d)
(e) (f)
Figure 3.2: (a) An original micrograph of silver nanoparticles, which is then (b) a made evenly bright using
a polynomial filter, (c) blurred using a gaussian filter, (d) a threshold is applied to approximate particle
size. In (e), unwanted areas of the micrograph are cut out, then in (f) the images are given outlines to show
which particles have been included during counting.
The filtered image is subsequently smoothed using a Gaussian blur filter which was essential for the TEM
images since the particles were small enough that the amorphous carbon background could clearly be seen.
The Gaussian filter can be tuned to remove this background, but also blurs the edges of the image. This
blurring can result in nearby particles appearing as the same object and a loss of sharpness of particle edges
corresponding to a reduction in apparent size of the particles. These effects can be seen from comparing
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Fig.3.2(a) and Fig.3.2(c).
Once the amorphous background is minimised, the threshold of the image can be adjusted to highlight the
particles. This step is challenging as a compromise must be reached between the loss of smaller particles, and
the agglomeration of larger particles. A thresholded image can be seen in Fig.3.2(d). It can be clearly seen
from comparison of this image with 3.2(c) that further perceived particle agglomeration has been caused,
and smaller nanoparticles have been lost. This will lead to a larger overall average particle size. Any large
areas of anomalous data, such as foil edges need to be removed before particle counting, this is shown in
Fig 3.2(e). Finally, the particles can then be counted by the software by specifying a range of particle sizes
for the software to count between, Fig.3.2(f) shows how an outline can be drawn around counted particles.
This stage of the software is thought to not cause any more distortion of particle size distribution, and is
also capable of eliminating edges, such as that seen in the top right hand corner of all the micrographs.
The software will provide a ‘results’ log of all particles successfully counted, giving each particle’s area. One
can therefore easily calculate the average particle ‘equivalent diameter’ by assuming a spherical morphology.
To calculate surface coverage, the total areas of the particles can be summed, and divided by the total
area occupied by a-C grid in the micrograph. Limitations with this method include; errors associated with
thresholding the nanoparticles accurately- which in turn can include the loss of small particles, or the merging
of larger particles which border one another. Additionally, the micrograph represents a small sample size
relative to the sample itself, and interactions of the nanoparticles with their substrate could vary locally
according to inhomogeneity of the substrate. For better statistics, multiple micrographs of nanoparticles in
different areas should be analysed using the same method.
3.6.3 EDX Experiments on Jeol 2100F
EDX experiments on the Jeol 2100F microscope used a lithium drifted silicon detector in conjunction with
Oxford Instruments’ ‘Aztec’ software for acquisition and quantification/deconvolution. The Aztec software
uses the ‘top hat filter method’ to remove the Bremmstraulung background, and uses least square filtering
to deconvolute overlapping peaks [267]. The quantification of different elements is performed using a form
of the Cliff-Lorimer Equation (see Section 2.4.7) which is modified to include the sample thickness and
density [261]. The software outputs the composition of the sample in terms of weight percent, wt. %. They
are converted to atomic percent, at. % using equation 3.1.
AtA =
WtA
maA
WtA
maA
+ WtBmaB
+ WtCmaC
...
(3.1)
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where AtX is the At. % of element X, maX is the atomic mass of element X and WtX is the Wt. % of
element X.
3.6.4 Chemi-STEM Measurements
Super EDX measurements were conducted on the FEI Titan 80-200 Chemi-STEM at the Ernst-Ruska Centre
for Electron Microscopy, Ju¨lich. This instrument uses FEI’s ‘TIA’ software for recording HAADF micro-
graphs and Bruker’s ‘Esprit’ software for chemical analysis [268]. The microscope was aligned at 200 kV.
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4.1 Chapter Outline
This chapter will overview some key observations made during the commissioning of a UHV nanoparticle
deposition system. The observations that have been made over the course of the PhD that affect a deposition
and the general, material independent rules to observe for maximising the output of the system. This section
will include discussion of the most important variables when performing a deposition and their perceived
effect on surface coverage, target stability and deposition stability. The theory of the system is discussed
in Section 2.2, Chapter 2, but this Chapter however is supplementary to that, as the operation of such a
system often varies from theoretical predictions.
4.2 Optimising Deposition Conditions
For a particular set of starting conditions, i.e. the pressure in the main chamber, pMC, target-magnetron
contact etc, the optimum deposition conditions will vary, and the flux through the quadrupole mass filter
will change. Unfortunately it is not possible to predict the rate of material deposition on the substrate from
this signal, despite attempts to reconcile the flux signal with the surface coverage of the final sample, and so,
to some extent, deposition behaviour must be accounted for each time. Attempts were made to resolve this
lack of reproducibility by use of a quartz crystal monitor (QCM) installed in the main chamber. However,
often the beam signal is not strong enough to be able to use this technique. This being said, the mass filter
is often the best method of estimating the observed outcome of an experiment, in terms of surface coverage.
One can look at the total overall signal, and how stable the signal is, and make a prediction for the total
deposition time, tD, that is often fit for purpose. However, to do this it is important to understand the
effects that different variables will have on this signal, and whether or not they constitute a ‘real’ increase
in nanoparticle flux, or just an observed one. Doing so allows the design of better experiments.
The set of starting conditions for each experiment will practically cause greater variation in the final de-
position outcome than varying deposition conditions such as PN, GN, GCSC, PCSC and Th. It is for this
reason that, for example, varying gas flow and power is thought to not be so critical, as there are many
uncontrollable factors at work. For best results, it is preferable to obtain a single data set for study without
interruptions such as breaking of main chamber vacuum, target exchanges etc. This is not always feasible,
as the mass filter signal will often fade with successive depositions.
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4.3 The Quadrupole Mass Filter
4.3.1 The Mass Filter Spectrum
Fig. 4.1 shows an example quadrupole mass filter spectrum, in this case for silver. The nanoparticle size
displayed on the x-axis is automatically calculated by the mass filter software (‘MesoQ Control’ from Mantis
Deposition Ltd), which uses a materials known density and atomic mass to calculate nanoparticle size based
on measurements of mass to charge ratio. The y axis, showing current, is a measure of intensity, i.e. how
many nanoparticles of a particular size there are, relative to other sizes. The mass filter software calculates
this from the flux of nanoparticles passing through a grid on the end of the quadrupole filter. The mass filter
spectrum shown in Fig 4.1 is fairly intense and represents what would be a very rapid deposition if filtered
at any of the stronger intensities, i.e between 1 and 6 nm. The intensity varies strongly between different
materials and to some extent between different depositions, since the various sputter parameters mentioned
will strongly affect the number of nanoparticles produced.
Figure 4.1: A typical mass filter spectrum for silver
4.3.2 The Stability of the Mass Filter Signal
Over the course of a deposition, the mass filter signal tends to deteriorate. This depends very much on the
material being used for the target, the age of the target, and also on the basic conditions of the vacuum
system when the deposition is starting, in particular the chamber cleanliness. To minimise these effects it is
best to clean the system by hand and then routinely sputter with titanium to build up a titanium layer to
trap contaminants and improve the vacuum.
A beam of silver nanoparticles is often observed to be stable over longer periods of time than for other metals
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studied; typically around 2 hours. Fig. 4.2 shows an example set of mass filter spectra for a silver deposition.
An initial increase in signal is seen after 20 minutes, and this is due to the conditions stabilising within the
vacuum system. This change can be minimised by waiting at least 10 minutes before starting a deposition,
to stabilise the plasma.
Figure 4.2: Effect of time on the mass filter signal for a silver deposition
Gold is relatively stable, yet is is often difficult to obtain appreciable signals, despite a clean system. Fig.
4.3 shows an example of a typical spectrum. While the percentage depreciation in the signal is little different
from what can be observed with silver- these low signals would seem like a cause for concern. However,
the particular deposition that this set of scans were for was seen to exhibit high surface coverage, despite
the apparently low signal. This highlights how the mass filter, while incredibly useful, cannot be used as a
trusted measure of flux.
Figure 4.3: Effect of time on the mass filter signal for a gold deposition
Nickel presents a real problem in that a single target will only work for about 8 hours before the signal will
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degrade and the target needs replacing and the magnetron needs cleaning. If successive nickel depositions
are run, the entire source chamber will need cleaning. This is presumed to be due to the magnetism of
nickel, that nickel deposits internally affects the magnetic field of the magnetron source and so degrades it,
and hence is thought to hold true for any magnetic material. It is therefore more helpful to display a plot of
the observed mass filter signal at the start of a deposition for several nickel depositions that were performed
in sequence. Fig. 4.4 shows the degradation of the nickel signal over 4 depositions, highlighting the issues.
Each deposition is 2 hours long, and the signal is fairly stable during the duration of each deposition, with
the exception of the 4th deposition where the target simply stops working and cannot be revived. This
implies that while the vacuum does not degrade strongly during the course of the experiment, hence the
stable signals observed, it does degrade afterwards. This was reflected in increasingly poor base vacuum
levels observed. It would seem that the nickel nanoparticles deposited on the nanoparticle source are able to
react so readily with oxygen, that the high vacuum of 10−7 mBar is not high enough to prevent oxidation,
and nickel oxide pollutes the vacuum chamber. Black nickel oxide powder was observed to be coating the
magnetron head and the inside of the source chamber, when the target was exchanged. This deposit will
cause all future experiments to behave poorly, until thorough manual cleaning of the source chamber and
subsequent sputtering with titanium restores the chamber for re-use.
Figure 4.4: Effect of successive nickel depositions on the mass filter signal
While titanium is not generally a material discussed at length in this thesis, many experiments have in
fact been performed using titanium, and so much is known about how it behaves in the deposition system.
Titanium generally offers very stable depositions, more so than any other material deposited using the system,
this is probably likely due to the beneficial nature of titanium for the overall vacuum levels. Titanium is
beneficial due to its high reactivity, which cause any contaminants present in the vacuum to bond with the
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titanium to form stable products [269]. A mass filter spectrum of a deposition with titanium will typically
show little change for before and after experimentation. A series of spectra for a two hour experiment with
titanium is shown in Fig. 4.5. It can be seen that the flux signal displays an initial small reduction after about
an hour, and then remains stable after 2 hours. This leads to the fairly obvious conclusion that a material
that contributes to the degradation of the vacuum levels, such as nickel, will cause a failing nanoparticle
flux, whereas a material that can improve vacuum levels will see little decrease in flux. This little decrease
observed for titanium over a 2 hour period highlights the contribution from the degradation of the target
with sustained sputtering, and any heating effects. We therefore see that the contributions from these are
minimal, and that the vacuum levels are the most important factor for maintaining a reasonable signal.
Figure 4.5: Stability of mass filter signal over time for a titanium experiment
4.4 The Effect of Bias
The bias on the sample holder in the system can technically go from as low as 0.2 kV to 6 kV. I.e from ‘soft
landing’ to rapid acceleration resulting in high impact collisions of nanoparticles with the substrate and the
creation of thin films. Rapid acceleration is not desirable during depositions requiring nanoparticles, since
the high bias would cause particles to deform on impact with the substrate. In the soft landing regime,
particles are understood to retain their original shape and undergo little if any deformation upon contact
with the substrate. Therefore applying a small bias within the soft landing regime is often employed as
a means of increasing the rate of deposition in order to reduce experimental times and target wastage,
since the bias will increase the overall percentage of the nanoparticle beam that lands on the substrate,
rather than the chamber walls. Typically, biases ≤ 1 kV are considered to be in the soft landing regime,
and are commonly employed to speed up deposition rates. However, the experiments where a bias can be
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applied with success are limited, and depend on what material is being sputtered and what experiment is
being performed. Generally speaking, if an experiment requires the use of the core shell coater or oxygen
plasma, a bias is not used, since the application of a bias changes the growth kinetics dramatically, and often
nanoparticles require sufficient time being bathed by a plasma or growing a preferred shape.
The bias does not only have an effect on the rate of deposition, but also the nanoparticle flux from the
mass filter. The nanoparticle flux is invariably reduced by the application of a substrate bias. However the
increase in bias normally corresponds to an increase in deposition rate, so this is indicative of one of the
various reasons why the nanoparticle flux from the mass filter should never be taken as an accurate measure
of actual nanoparticle flux. Additionally, one can reason that since the bias is accelerating particles, and the
mass filter works by the application of a bias to filter nanoparticles, a substrate bias can actually interfere
with the nanoparticle size selection process, causing a shift in sizes that are allowed through. It is for this
reason that typically biases are kept to around 0.2 to 0.4 kV for most depositions, in order to minimise
interference with the functionality of the mass filtration.
Fig. 4.6 shows the effect of bias on various depositions that were performed successively in the deposition
system. For each bias increment, the unattenuated signal is given. These depositions were all for the same
material and were performed with no breaks in vacuum between experiments. It can be seen that in Fig.
4.6(a) that for 0.4 kV, there is little effect on the bias, with ∼ 90 % of the signal maintained. For higher
biases the attenuation in the signal is far more extreme, with more than half the nanoparticle flux lost for
2.2 kV bias in Fig. 4.6(d).
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(a) (b)
(c) (d)
Figure 4.6: Showing the effect of bias on nanoparticle flux, where the bias is for various depositions, showing
the effect of (a) 0.4 kV (b) 1 kV (c) 2 kV (d) 2.2 kV.
From Fig. 4.6 we can see a loose trend in the way that bias is attenuated, and can put forward a very
tentative linear relationship for the loss of signal with increasing bias, shown in Fig. 4.7. However, the
nanoparticle deposition system exhibits behaviour difficult to define by exact trends, since breaking vacuum,
or varying experimental conditions will change any perceived trends. Additionally all such attempts to graph
behaviour are fairly unhelpful as they would only be specific to a particular material. Fig 4.6 was obtained
for titanium, which is exceptionally stable and therefore has greater immunity to the effects of changing
bias than say silver, which attenuates more rapidly and less predictably between individual depositions.
Therefore Fig. 4.6 should not be considered more than an example, and the only conclusion can be drawn
is that bias will always attenuate a mass filter flux signal, but will also speed up the deposition rate.
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Figure 4.7: A tentative relationship between bias and signal attenuation
4.5 The Effect of Target Height on the Observed Nanoparticle
Flux
In theory, having a longer Th should result in larger particles being observed using the mass filter, since a
bigger Th means that particles spend longer in the aggregation zone of the nanoparticle source chamber and
hence endure more collisions with metal atoms. However, in reality this is not always the case, and particles
can tend towards a larger or a smaller size with increases in target height.
4.6 The Effect of Gas to the Core-Shell-Coater on Observed Nanopar-
ticle Flux
Addition of gas to the core-shell coater, generally speaking, increases the overall nanoparticle flux. It is for
this reason that often gas will be added to the core-shell-coater, despite no power being applied. This is
employed to great effect for most of the silver deposition experiments (see Table C.1). Having said this,
the increase in signal shows no real trend, even for a single material. It is highly dependent on the starting
conditions, in particular the initial pMC. The increase in signal makes sense, when we consider that we
are changing the partial pressures in the system, which should encourage the flow of the nanoparticle beam
towards the substrate table. To achieve this, we would expect that signal would be amplified by having
GN >GCSC >the argon gas to the main chamber, GMC, i.e. the pressure is gradually reducing between the
nanoparticle source and the substrate table. However, while this is largely what is seen, the system behaves
unpredictably, and does not always perform according to theory. On multiple occasions it has been seen
that having higher GCSC than GN actually increases the signal to the mass filter, and it has generally been
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seen that any GMC severely attenuates the signal. Now, this could be just that the mass filter is affected by
the near-presence of the gas signal and hence the change in signal is not indicative of an actual change in
nanoparticle flux, however this is unlikely, as generally speaking, when flux was significantly reduced, very
little deposition was seen on a-C foils, despite there being no direct correlation between nanoparticle flux
and surface coverage.
4.7 The Effect of Oxygen on observed Nanoparticle Flux
The presence of oxygen was seen to have a significant effect on the mass filter signal. In general the presence of
oxygen was seen to increase the signal dramatically. This was reproducible, and could be seen with multiple
materials; Fig. 4.8 shows an example spectrum where a titanium target was placed in the nanoparticle
source, and Fig. 4.9 shows an example spectrum where a silver target was placed in the source. For the
deposition shown in Fig. 4.8, oxygen was added via the core-shell chamber gas inlet, whereas for that shown
in Fig. 4.9, oxygen was added using the RF plasma gas inlet. In this way we can conclude that not only does
oxygen increase the signal for multiple materials, it is relatively unimportant where the oxygen is allowed in,
in terms of an increase in mass filter signal only. Of course the positioning of the oxygen inlet is important
from the perspective of the samples being made, as oxygenation of the final sample will be dependent on
this (this is similarly material dependent).
Figure 4.8: Effect of oxygen on the mass filter signal for a titanium deposition.
Fig 4.9 also shows the effects of adding an oxygen plasma. Oxygen initially increases the mass filter intensity,
but applying a plasma reduces this intensity if the power is turned up above 50 W (the signal is constant
between 0 and 50 W). The plasma also causes an increase in the baseline of the signal. This is simply due to
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the proximity of the plasma and the mass filter; the presence of the plasma causes a background signal and
raises the baseline. If we compare the stability of an oxygen plasma (Fig. 4.9) versus pure oxygen (Fig. 4.10)
over time, we can see that for an oxygen plasma the signal degrades to approximately half its initial intensity
in just 20 minutes, whereas for the oxygen only signal, the reduction in intensity is slower, although a gradual
decline is expected. It can also be said that a lack of stability in the signal with the presence of oxygen is
to be expected, as the degradation of the vacuum and the presence of oxygen will undoubtedly cause target
poisoning- though the partial pressures which drive the nanoparticle beam upwards must also play some
part in keeping oxygen away from the source chamber, together with the small aperture size making entry
difficult. Indeed, experiments were performed to check the viability of introducing a small amount of oxygen
using the second gas inlet on the nanoparticle source, and this was seen to cause rapid target poisoning and
failure of signal. Interestingly, the introduction of oxygen was again marked by an initial and rapid increase
in mass filter signal, which lasted approximately 2 minutes before target poisoning was caused. Further tests
were not carried out due to the risks this procedure presents to the DC nanoparticle source power supply.
Figure 4.9: Effect of oxygen on the mass filter signal for a silver deposition.
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Figure 4.10: Effect of time on the mass filter signal, for a deposition which included oxygen using the RF
plasma source as a bleed valve.
4.8 Sample Placement
An important note to make, and one that makes predicting deposition rates exceptionally hard, is the effect
of the mass filter on the nanoparticle beam path. If we consider the nanoparticle beam as a point source
with the origin at the target, we can imagine the beam opening out in a cone as it traverses the system. If
the nanoparticle beam is aimed centrally, the deposition profile would therefore be strongest in the center
and attenuate further out from the center of the sample holder. In theory, the sample holder is not quite
aligned with the nanoparticle source, so that sample rotation allows for an even deposition profile. However,
in practice this is not what is observed, and the beam is most intense within the central 1 cm2 of the sample
holder, and attenuates strongly outside of this. If we then turn on the mass filter, this beam deflection that
occurs as a natural effect of the filtration causes deflection of the intense central region to an area about
2 cm outside of the center. Sample rotation therefore must always be used in order to achieve a radially
homogeneous deposition, and this intensity deflection must be taken into account when considering sample
placement.
4.9 Summary
This chapter has discussed the challenges associated with performing nanoparticle depositions with the UHV
modified IGA deposition system. In summary, there are many variables that will affect the deposition rate
of a particular experiment. The sputtering rates are not only material dependant, but vary according to,
for example, how clean the vacuum system is, what the last material was that was sputtered. This makes
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attempting to describe sputtering rates by factors such as gas flow, power to the magnetron sources, oxygen
flow, bias etc, extremely challenging. However this Chapter exhibits some success in these areas, trends were
noted in spite of these factors, and basic behaviours of the system have been documented. The results of
this chapter have proven indispensible in acting as a guide for obtaining the results of Chapters 5 through
to 7, and are responsible for the reproducibility of these experiments.
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5.1 Chapter Outline
Silver nanoparticles are known to readily coalesce to form larger particles, which degrades their usefulness
in many applications. The high energy electron beam in a TEM provides a method of observing coalescence
on a much faster timescale to what would occur naturally. However, despite ongoing research, it is still
not clear what kinetics govern the coalescence under the electron beam, and whether this behaviour can
be used as an model for how silver naturally coalesces. Many experiments looking at the beam induced
coalescence of silver nanoparticles use samples that have been fabricated through wet chemical techniques,
using surfactants to prevent agglomeration. Using the nanoparticle deposition system, clean samples are
fabricated, and this chapter will focus on characterising these samples, understanding how they naturally
age, and looking at their coalescence under the electron beam. The author is particularly interested in
looking at the morphological dependence of coalescence phenomena. Varying the deposition conditions in the
deposition system should theoretically produce a range of structures, according to different thermodynamic
equilibrium that are reached during their creation, and so this gives opportunities to attempt to categorise
coalescence phenomena according to morphology.
5.2 Size Control of Silver Nanoparticles and their Agglomeration
The quadrupole mass filter was used to vary the size of silver nanoparticles between the minimum and
maximum obtainable values. In the nanoparticle deposition system, each material has a specific regime of
sizes which it can be sputtered within; for silver this was between 1.1 and 10 nm. For each size, TEM
images were taken of silver nanoparticles deposited directly onto carbon films. To look at the variation in
size for each filtered size, histograms were produced for each micrograph, by using the process described in
Section 3.6.2, Chapter 3 to analyse particles. The average sizes at each filtered size were then calculated and
compared with the filtered size, this is shown in Fig 5.1, together with quadrupole mass spectrums for each
deposition.
88
Chapter 5. Silver Nanoparticles
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
(m) (n) (o)
Figure 5.1: (a) TEM micrograph of Ag nanoparticles filtered at 1.1 nm, (b) corresponding histogram of
equivalent diameter distribution and (c) mass filter spectrum.(d) micrograph of Ag nanoparticles filtered at
4 nm, (e) corresponding histogram of equivalent diameter distribution, and (f) mass filter spectrum. (g)
TEM micrograph of Ag nanoparticles filtered at 5 nm, (h) corresponding histogram of equivalent diameter
distribution, and (i) mass filter spectrum. (j) TEM micrograph of Ag nanoparticles filtered at 8 nm, (k) cor-
responding histogram of equivalent diameter distribution, and (l) mass filter spectrum. (d) TEM micrograph
of Ag nanoparticles filtered at 1.1 nm, (e) corresponding histogram of equivalent diameter distribution, and
(o) mass filter spectrum. Scale bar for all micrographs is 20 nm
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Table 5.1: Measured particle diameters of silver nanoparticles are contrasted to the filtered particle diameters.
Errors in the apparent diameters are the standard deviations
Deposition Mass filtered
diameter, nm
Measured
equivalent
diameter, nm
Dep. Ag1.1nm 1.1 5 ± 2 nm
Dep. Ag4nm 4 5 ± 3 nm
Dep. Ag5nm 5 9 ± 4 nm
Dep. Ag8nm 8 11 ± 5 nm
Dep. Ag10nm 10 11 ± 3 nm
For the results of Table 5.1, filtered diameter can be plotted against measured diameter and comparing with
an y=x fit. This is done in Fig. 5.2.
Figure 5.2: Graph showing the apparent particle size of silver nanoparticles compared to their mass filtered
size. The grey line is for y = x. Error is the standard deviation.
While the average equivalent diameter for each deposition was bigger than was selected for using the
quadrupole mass filter, what is interesting is that with the exception of the 1.1 nm, for all depositions
smaller nanoparticles were observed than the chosen filter size. Silver is known to be prone to agglomera-
tion [270,271], so we expected larger nanoparticles. This is unlikely to be due to poor mass filtering control,
as for gold it is seen to be much more controllable (see Chapter 6). It is therefore possible that in addition
to agglomeration of particles, we also see fragmentation of large particles.
Since the histograms for each filtered size seemed to vary, with some closer to the filtered value than others,
it is important to understand the variation in particle equivalent diameter with surface coverage, since at
higher surface coverages particles are expected to tend towards agglomeration. At low surface coverages
particles have fewer neighbours and so the attractive force towards other particles is reduced and particles
are more likely to remain individualised. At high surface coverages the attraction between neighbouring
particles is greater than the attraction to the substrate and hence particles agglomerate and sinter, causing
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a shift in the perceived particle diameter.
Figure 5.3: Comparison of various depositions filtered at 4 nm, with different surface coverages and resultant
change in particle equivalent diameter. Error is standard deviation.
Although it is difficult to determine the precise trend between surface coverage and apparent particle equiv-
alent diameter, it can be seen that for larger surface coverages there is a trend towards larger particle
equivalent diameters. According to Jensen et al. [237], surface coverages larger than 15% lead to increased
agglomeration, which is approximately what is seen in Fig 5.3. The standard deviation, which is the er-
ror in Fig 5.3, is seen to vary greatly. A potential explanation for this is that the agglomeration of silver
nanoparticles by diffusion has been observed to be temperature and time dependent [270, 271], so the time
elapsed between the creation of nanoparticles and observation with TEM will affect how large agglomerates
have become. This could also explain why the 3% surface coverage has such a high observed average particle
equivalent diameter; it is likely this sample was left at room temperature for some time before imaging was
carried out. Additionally, silver is a material that readily reacts with environmental contaminants in air and
this may aid agglomeration.
5.3 Ageing of Silver Nanoparticles
To attempt to understand the affect of ageing on the growth of nanoparticles, the 4 nm (Dep. Ag4nm , Fig.
5.1(d)), 8 nm (Dep. Ag8nm , Fig. 5.1(j)) and 10 nm (Dep. Ag10nm , Fig. 5.1(m)) filtered Ag samples were
re-imaged weeks later.
Dep. Ag4nm was re-imaged 17.3 weeks after the original deposition was performed and images taken.
During the 17.3 week period, samples were kept in a weak vacuum desiccator, and often brought to ambient
conditions. The original image is shown in Fig. 5.1(d), and is given again for reference in Fig. 5.5(a). Low
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magnification micrographs of the sample in its ‘fresh’ and 17.3 weeks aged condition is shown in Fig. 5.4.
The magnification is identical for both micrographs and from inspection of Fig. 5.4(b) it is evident that the
silver forms distinct groups of agglomerates, of average equivalent diameter 15 nm. While agglomeration
was expected, it is interesting that it only forms in some areas and not others, and that these groups don’t
agglomerate with each other.
A possible explanation is that islands form uniformly until surface coverage in a certain area reaches a
critical point. From literature this is believed to be 15% [237]. If a localised area reaches this surface
coverage through agglomeration it would encourage island-island agglomeration, and then the presence of
large particles could potentially cause Ostwald ripening into this area, resulting in the surrounding areas
becoming depleted. The role of the a-C grid can not be ignored. It is possible that contaminants on the grid
that are present as-received (such as silicon and oxygen) could cause preferential agglomeration in regions
where contaminant concentration is high. These observed features highlight the complexity of understanding
the agglomeration behaviour of silver with aging. The possibility of oxygen incorporation is considered, and
this will be investigated further in Section 5.4
(a) (b)
Figure 5.4: (a) TEM micrograph of Dep. Ag4nm immediately after deposition versus (b) the growth of
agglomerates on Dep. Ag4nm , 17.3 weeks after deposition. Scale bar is 50 nm for both images.
It is desirable to know whether the particles that have not formed agglomerates have changed in equivalent
diameter, so for the sake of comparison with a micrograph taken immediately after deposition, shown in Fig.
5.5(a), the histogram in Fig 5.5(d) has been calculated only considering the small nanoparticles, calculated
using the image shown in Fig 5.5(b) , to see if apart from the growth of these large ‘villages’ of agglomerates,
whether the particles that still look the same as the original deposition have grown. Nanoparticles smaller
than 2 nm have been excluded from this histogram since they were not as resolved as they previously had
been so could not be reliably distinguished from the features of the film. This aside, the two histograms of
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Fig. 5.5(d) and Fig. 5.5(c) are similar enough to conclude that these particles remain relatively unchanged
after 17.3 weeks.
(a) (b)
(c) (d)
Figure 5.5: (a) TEM micrograph of Dep. Ag4nm as deposited and (b) taken 17.3 weeks after deposition, and
histograms of equivalent diameter distribution (c) as deposited and (d) 17.3 weeks after deposition. Scale
bars on micrographs are 20 nm.
Dep. Ag8nm , which was filtered at 8 nm (originally shown in Fig. 5.1(j)) was studied with TEM for a
second time, 4.3 weeks after the original deposition. The TEM image and corresponding histogram of the
4.3 weeks aged particles is shown in Fig. 5.6, which are compared to the original micrograph and histogram
taken from Fig 5.1.
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(a) (b)
(c) (d)
Figure 5.6: (a) TEM micrograph of Dep. Ag8nm immediately after deposition, and (b) after 4.3 weeks
of ageing. (c) original histogram of equivalent diameter distribution, and (d) histogram after 4.3 weeks of
ageing. Scale bar for micrographs is 20 nm.
What is immediately apparent is of course the improved resolution of this image, which is due to the fact
that this image was taken on the newly acquired Jeol 2100F TEM, which has better resolution than the
Jeol 2000 TEM on which the earlier image of this deposition was taken (Fig. 5.1(j)). This of course leads to
more of the small nanoparticles being observed, that wouldn’t have been picked up initially. However, from
inspection of Fig. 5.6(a) and 5.6(c) we see that nanoparticles of around 1 nm or greater can be and have been
observed, and 2 nm particles can be determined with confidence. To confirm this the sample was re-imaged
in a Jeol JEM 2000 microscope (with poorer resolution than the original Jeol 2010F), and it was verified that
all the small nanoparticles could be easily seen. So the increase in resolution doesn’t explain the appearance
of many more small nanoparticles with equivalent diameters around 2-4 nm. It can only be assumed that
these nanoparticles are nucleating out of large nanoparticles. The larger nanoparticles have shown little
growth, rather they are more spread out in the region of 7-22 nm, rather than a near-Gaussian distribution
around 12 nm, if smaller particles are excluded from consideration. This result is not in agreement with the
literature, which suggests that particles grow larger and larger before stabilising at around 100 nm [270,271].
It is possible that not enough time has elapsed for the formation of islands, since islands were indeed observed
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in 5.5(b) which was imaged 17.3 weeks after deposition. However, some growth would be expected on this
timescale so there is the possibility for samples that are as pure as those generated using the nanoparticle
deposition system, growth occurs at a slower pace due to the lack of catalytic contaminants.
The nanoparticles filtered at 10 nm, i.e Dep. Ag10nm , for which the first TEM image is shown in Fig.
5.1(m), were re-imaged 2.5 weeks after deposition. The resulting TEM image and corresponding histogram
is shown in Fig. 5.7.
(a) (b)
(c) (d)
Figure 5.7: (a) TEM micrograph of Dep. Ag10nm as deposited and (b) 2.5 weeks after deposition. (c)
histogram of equivalent diameter distribution as deposited, and (d) taken 2.5 weeks after deposition. Scale
bar for micrographs is 20 nm.
As with the 8 nm particles, re-imaging Dep. Ag10nm with TEM some time after deposition revealed the
formation of small nanoparticles of equivalent diameters between 1 and 4 nm, this is shown in Fig. 5.7. There
are fewer of these small particles than observed for the 8 nm particles in Fig. 5.6(b), this being consistent
with the reduced time period between successive imaging sessions. This suggests that increasing numbers of
these small nanoparticles form with time.
While the appearance of new, small nanoparticles is easily evident for the 8 nm and 10 nm filtered particles
(Dep. Ag8nm and Dep. Ag10nm respectively), due to the already large average equivalent diameter of the
particle, a closer study of the 4 nm particles (Dep. Ag4nm ), by comparing the histograms of Fig. 5.1(e) and
95
Chapter 5. Silver Nanoparticles
Fig. 5.5(d), reveals that this particle-splitting behaviour is also seen for the 4nm particles. In Fig. 5.1(e)
it can be seen that there are large numbers of nanoparticles between 7 and 12 nm, despite this not being
the dominant diameter, whereas for Fig. 5.5(d), there are relatively few nanoparticles greater than 6 nm in
size, and none at all larger than 9 nm. This lends weight to the theory that nanoparticle splitting occurs
for aging samples, relatively quickly, and agglomeration only occurs for longer time periods, since the 4 nm
filtered nanoparticles were left the greatest amount of time (17.3 weeks), and were the only nanoparticles to
exhibit areas of agglomerates.
Indeed this nanoparticle ‘shedding’ behaviour has been previously observed for silver, and a mechanism
behind it has been suggested. Silver nanoparticle shedding in depth was investigated by Glover et al. [272],
whereby samples were exposed to a variety of environmental conditions. Glover et al. found that more
humid environments caused greater levels of shedding and suggested the mechanism proceeds as follows:
1. Under ambient conditions, the silver surface becomes oxidised, leading to the creation of silver ions.
2. If the environment is sufficiently humid, a thin water layer will be adsorbed onto the surface of silver.
This layer allows the silver ions to dissolve.
3. The dissolved silver ions diffuse away from the surface of the nanoparticles as a result of strong con-
centration gradients.
4. The silver ions are reduced by a reducing agent, possibly photons, and generate Ag0 nanoparticles
5. Once formed, the Ag0 nanoparticles do not move.
Glover et al. found that temperature, light and humidity were all factors in the degree of shedding observed,
and suggested that while light was probably largely responsible for reducing the silver ions on the parent
nanoparticle surface, due to the large levels of potential contaminants as a result of their synthesis process,
other reductants couldn’t be ruled out. They also found for more humid environments, more nanoparticle
shedding was observed, and shedding occurred more rapidly.
Fig. 5.8 compares the shedding observed in the TEM image of the 8 nm filtered (Dep. Ag8nm ) nanoparticles
taken 4.3 weeks after deposition (Fig. 5.6(b)), with that observed by Glover et al. . One can observe some
key differences in the way the shedded nanoparticles position themselves around the parent nanoparticles.
In Fig. 5.8(a), it can be seen that close to the parent nanoparticles there is a higher concentration of
nanoparticles, and then as the distance from the nanoparticle increases, the number and diameters of these
‘daughter’ nanoparticles decreases. This is in accordance with their proposed mechanism of silver ions
drifting away due to a concentration gradient. However, from observation of Fig. 5.8(b), it can be seen that
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this is not the case for nanoparticles deposited using the UHV deposition system. Rather, nanoparticles are
observed further away from the parent nuclei, as shown by the dotted lines in Fig. 5.8(b) which show that
the nanoparticles have ended up equidistant from neighbouring parent nuclei. This is markedly different
from Fig. 5.8(a). Additionally, if we refer back to Fig.5.6(b), and observe a region of the micrograph where
no parent nanoparticles exist, for example the bottom middle of the micrograph, we see that nanoparticles
are observed between 2-5 nm away from the parent nuclei.
(a) (b)
Figure 5.8: Comparison of (a) shedding observed by Glover et al. [272] and (b) shedding observed in 5.6(b).
It is therefore proposed that the mechanism for nucleation of daughter nanoparticles differs slightly from
that proposed by Glover et al., that rather than a concentration gradient being responsible for the end
position of the daughter nanoparticles, that any smaller nanoparticles may have agglomerated to form larger
ones, and that those nanoparticles that are close to the parent nanoparticles may have been re-absorbed
through coalescence. It is thought that this was not seen by Glover et al. due to possible contaminants in
their samples. Glover et al. used silver nanoparticles fabricated using PVP, which as discussed in Chapter
1, section 1.6.1, can remain in the final product after synthesis, and affect its properties. Nanoparticles
made using the UHV deposition system should be inherently cleaner, however that does not mean to say
they will not take in contaminants post-deposition, once exposed to ambient conditions. However it is still
fair to say that these nanoparticles are a better representation of the fundamental behaviour of silver metal,
and therefore provide a better template for understanding the mechanisms behind the creation of shedded
daughter nanoparticles.
5.3.1 Facet Dependence of Shedding Behaviour
A question that has not been previously investigated, to the best of the author’s knowledge, is that of whether
there the silver facets play a role in the creation of shedded nanoparticles. This is interesting as it may give
us more information about why these shedded particles are formed. It is known that on some crystal faces of
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silver, for example the {111}, oxygen is not readily adsorbed, or rather it is adsorbed, but strong repulsion is
felt between neighbouring adsorbates and so the oxygen readily desorbs from the silver surface [224,225]. It
is proposed that if the oxygen penetrates before being desorbed, it may eject a small amount of silver with
it, resulting in the creation of shedded nanoparticles. Now, Glover et al. [272] found that these daughter
nanoparticles are not oxidised, by investigation with X-ray Photoelectron Spectroscopy (XPS), so it is not
thought that the oxygen and silver daughter particle remain bonded, indeed if these daughter nanoparticles
are ejected with a charge it is possible that the silver and the oxygen spontaneously separate after ejection
from the parent. It is also known that water adsorbs more readily depending on oxygen adsorption on a
surface, this is discussed in Section 1.10.3, Chapter 1, and since Glover found that the ‘relative humidity’
affected the level of shedding observed, this too could be facet dependent.
A set of experiments were conducted whereby a-C foils were left in contact with single crystals of silver (111)
and silver (110) (by simply placing the TEM substrate on the surface of the crystal and leaving it), as well
as on a polycrystalline silver foil. Various a-C foils were loaded and left for different lengths of time in light,
ambient conditions. Water was also added to some samples, using a pipette to place droplets over the a-C
foil and the single crystal/polycrystalline foil.
An initial experiment was to leave three samples, consisting of one a-C foil on each substrate ( (111), (110)
and polycrystalline foil), in light and air for 3.5 weeks, and study the results in TEM. No shedding was
observed on any of these samples.
A second experiment was to have droplets of water added onto each substrate with TEM grids on it and
allowed to evaporate. The TEM foils were studied after just 4 hours. The (111) single crystal sample still
showed no evidence of shedding, however the results for the (110) and polycrystalline foils were different.
The (110) sample showed some evidence of faint shedding, this is shown in 5.9(a). The polycrystalline foil
however exhibited a great deal of shedding, shown in 5.9(b). It was therefore seen that the presence of water
dramatically sped up the shedding process, and that the process appeared to be facet dependent. Glover
postulated that initial oxygen adsorption and water adsorption are both key to the creation of shedded
nanoparticles. From [220, 221, 224], we know that oxygen uptake on (110) surfaces is greater than on (111)
surfaces, which do not readily absorb oxygen species. These results therefore seem indicative that Glover’s
theory may be correct.
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(a) (b)
Figure 5.9: Observed shedding behaviour for (a) (110) single crystal and (b) polycrystalline foil after 4 hour
exposure to water under ambient conditions. Scale bar is 20 nm for both micrographs.
A final experiment was to leave fresh a-C samples with water for a longer period, to look for ripening of
shedded nanoparticles or increasing concentration of shedded nanoparticles. The substrates were exposed
then for 0.4 weeks, with water being replenished regularly as it evaporated. Abundant shedding was observed
for the (110) facet (Fig. 5.10(a)), and less, but still significant, shedding was observed for the (111) facet,
see Fig. 5.10(b). It was therefore again seen that the (110) facet sheds more prolifically than the (111)
facet, as for Fig. 5.9. Interestingly, the polycrystalline surface yielded no result, the a-C grid was bare. The
polycrystalline foil had changed colour prior to the experiment, going from a silver colour to a tarnished
yellow colour. It is thought that the foil had built up a layer of tarnish too thick for the silver to shed onto
the foil.
(a) (b)
Figure 5.10: Observed shedding behaviour for (a) (110) and (b) (111) single crystals exposed to water for
0.4 weeks. Scale bar for both micrographs is 10 nm.
The resultant shedded nanoparticles were also observed to be larger than in Fig. 5.9, suggesting that the
shedded nanoparticles are capable of coalescing to form larger nanoparticles. These nanoparticles were large
enough for lattice resolved HR-TEM to be performed, verifying the nanoparticles as silver. Fig. 5.11 shows
a high resolution image of the shedded nanoparticle depicted in 5.10(a).
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(b)
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(c)
Figure 5.11: (a) HR-TEM micrograph of shedded silver agglomerates from the (110) single crystal substrate,
after 0.3 weeks in water, with (b) associated FFT and (c) lattice analysis on the region indicated in the red
dotted box in (a), which is in the 〈100〉 zone direction. Scale bar is 2 nm.
Lattice analysis shows that the region indicated in Fig 5.11(c) corresponds to the 〈110〉 zone direction. From
the FFT, the measurements for d-spacing are given in Table 5.2 (see Appendix A.1 for more d-spacing values
of silver) . All values calculated are seen to be within ±0.02 nm of the actual values for silver, which seems
reasonable since the errors stated with these values for d-spacing are the errors associated with taking the
measurement due to broadening of the spot, and do not include consideration of magnification calibration
errors which can also contribute further error.
Table 5.2: Measured d-spacings for Fig. 5.10, with respect to standard values for silver. The error for all
measurements is 0.01 nm.
Group of planes Measured d-Spacing, nm Ag d-spacing, nm
{110} 0.28 0.29
{111} 0.22 0.24
{200} 0.20 0.21
5.3.2 Environmental Effects on Shedding Behaviour
Another set of experiments was carried out on nanoparticles fabricated using the UHV deposition system,
with the aim of further understanding the shedding behaviour with time and look at development of 4 sets of
TEM foils kept under different environmental conditions. All foils were sourced from an identical deposition
whereby a 5 nm filter was applied on the mass filter.. The environmental conditions the foils were exposed
to were as follows:
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1. a-C foils left in dark, under ambient conditions.
2. a-C foils left in light, ambient conditions.
3. a-C foils left in UHV, with natural light.
4. a-C foils left in water.
Fig. 5.12 is a micrograph taken on the same day that the carbon grids were prepared. Particle size analysis
of this micrograph gives the apparent particle diameter as 5 ± 2 nm It can be seen that no small (∼1 nm)
particles are initially on the sample which may later be confused with shedded nanoparticles.
Figure 5.12: Micrograph showing initial particle landscape of samples used for environmental shedding. Scale
bar is 20 nm.
Micrographs of the samples were taken again at 4.3 and 8.7 weeks after creation, after being left exposed
to their respective environmental conditions. There was some evidence of shedding observed on the light,
ambient sample (see Fig. 5.13(a)), but it otherwise looked very similar to the sample at its creation. However,
it can be seen that the 8.7 week old sample for the same conditions (Fig 5.13(b)), shows no signs of shedding
in the area studied, suggesting that perhaps the shedded nanoparticles observed in Fig. 5.13(a) were ripened
into the larger nanoparticles. This result is in contrast with the initial results shown in Fig. 5.6(b), where
a sample shedded extensively after just 4.3 weeks of aging. A possible explanation for the heavily reduced
shedding behaviour is that the shedding behaviour is nanoparticle size and/or surface coverage dependent,
since shedding was observed for a deposition with a particle equivalent diameter spread of 11 ± 5 nm (Dep.
Ag8nm ), but not for a deposition with a particle equivalent diameter spread of 5 ± 2 nm. A great deal
of agglomeration and shedding was observed on the light, hydrated sample, to appreciate the changes an
additional image was taken at low magnification is shown in Figure 5.14. Close inspection of Fig. 5.13(c)
reveals that both the large and small nanoparticles are crystalline. Fig. 5.13(d) shows the shedding behaviour
for the sample exposed to water for 8.7 weeks. Again the sample appears to be in contrast with what was
seen after 4.3 weeks. The equivalent diameter distribution of the particles is much more even and no large
agglomerates are seen any more. This again contrasts with the idea that particles should tend towards larger
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equivalent diameters and a reduction of the total number of islands on the surface. There are still many
particles present with diameters of 1-2 nm, consistent with shedding. No changes were observed for either
the dark, ambient or the UHV sample, the micrographs in Fig. 5.13(e),(f) and (g),(h) are very similar to Fig.
5.12, no shedding is observable, and particle size analysis of these samples gives the equivalent diameters of
the particles as 5 ± 2 nm, unchanged from the original deposition. This suggest that the creation of shedded
nanoparticles requires a combination of light, moisture and potentially the contaminants, such as sulphur,
that are readily available in an ambient atmosphere.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 5.13: Silver nanoparticles under different environmental conditions, showing samples kept under light
and ambient conditions for (a) 4.3 weeks and (b) 8.7 weeks; light and hydrated conditions for (c) 4.3 weeks
and (d) 8.7 weeks; dark and ambient conditions for (e) 4.3 weeks and (f) 8.7 weeks; UHV conditions for (g)
4.3 weeks and (h) 8.7 weeks . Scale bar for all micrographs is 10 nm.
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Figure 5.14: A low magnification micrograph of the light and hydrated sample in week 4. Scale bar is 50
nm.
As discussed in Section 1.10.3, Chapter 1, sulphur is known to readily react with silver in air to create silver
sulphide, Ag2S. It was thought that the presence of silver sulphide may play a role in shedding, since the
samples kept in UHV showed no evidence of shedding over a period of 8.7 weeks. With this in mind EDX
was performed both on the initial ‘clean’ samples, and 1 week after exposure to light, ambient conditions,
to understand how quickly and to what extent sulphur interacted with the silver samples. Fig 5.15 shows
the EDX spectra for the ‘clean’ sample, before samples were exposed to their respective environments, and
also for the light ambient sample and wet sample after 4.3 weeks of exposure. In addition to this, EDX was
performed on an as received a-C foil upon which no deposition had been performed. This gives a reference
for the levels of oxygen, silicon and sulphur present on a-C grids, though this is of course expected to vary
between grids. All spectra in this figure are normalised to the silver peak, with the exception of the reference
spectrum which is normalised to the carbon peak. By normalising to the silver peak, the variations in sulphur
and oxygen can be seen more clearly between samples. However it is possible that silver is being converted
to silver sulphide with ageing, and so this peak is not a reliable constant. Unfortunately none of the peaks
present ideal candidates for normalisation, due to variations in distance between the EDX acquisition area
and the copper areas of the grid, the carbon and copper peaks vary significantly and therefore cannot be
used for normalisation. An additional source of error is the short collection times used, and hence there
is significant noise in the spectrum. However, errors aside, it can be observed that there was no sulphur
present in the initial samples (nor in the reference spectrum), but after 4 weeks exposure, there is significant
sulphur in both samples, with comparatively higher sulphur present in the sample exposed to water. This
result suggests the likelihood of a transition of some or all of the silver to Ag2S in both samples. While the
levels of oxygen and silicon appeared to vary between samples, none of the values was higher than what is
observed for the reference empty foil.
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Figure 5.15: EDX on samples immediately after removal from nanoparticle deposition system, after 4 weeks
of aging in light, ambient conditions and after 4 weeks of aging in water. A reference plot for an as received
a-C foil is also given.
5.4 Studying Oxygen Incorporation in Lattice with HR-TEM
Oxygen is known to be a contaminant, partially responsible for tarnishing on bulk silver [273]. This section
aims to understand to what extent and how easily this happens with silver nanoparticles. Later in this
Chapter we will study the coalescence of these nanoparticles, and clearly the coalescence of pure silver is
different from silver oxide coalescence. Attempts have been made to induce the oxidation of these nanopar-
ticles using both a plasma source and an oxygen inlet for oxidation in-situ using the nanoparticle deposition
system, the methodology for this can be seen in Section 3.3, Chapter 3.
For oxidation studies, nanoparticles were chosen that were larger than those in which we would expect to
see significant contraction of the crystal lattice. There were also attempts made to find single crystals, so
that there were no twins present to induce strain and therefore lattice contraction.
Referring back now to Fig. 5.4 where the presence of large islands was observed on a sample that had been
aged in air for 17.4 weeks; it was postulated that these large groups of islands could be due to the uptake of
oxygen, or another contaminant in the agglomerated groups of nanoparticles. This sample, Dep. Ag4nm ,
may provide insight into what degree oxygen naturally occurs in silver samples, and to better understand this
the sample was placed in the Titan to study the lattice and see if the silver had either oxidised, sulphidised
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or remained pure. Fig. 5.16 shows a high resolution micrograph of a single nanoparticle agglomerate from
Dep. Ag4nm , taken with the Titan microscope.
(a)
002 111
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(c)
Figure 5.16: Nanoparticle in the 〈110〉 zone direction, imaged from Dep. Ag4nm after aging for 17.4 weeks
in ambient conditions, depicting (a) HR-TEM micrograph, (b) corresponding FFT, and (c) lattice analysis
of ROI shown in red dotted box in (a). Micrograph taken on Titan microscope, scale bar is 2 nm
From observation of the structure of atomic columns and from FFT analysis of 5.16, the d-spacing of the
nanoparticle pictured is given in Table 5.3.
Table 5.3: Measured d-spacings for Fig. 5.16, with respect to standard values for silver. The error for all
the measured d-spacings is 0.01 nm.
Group of planes Measured d-Spacing, nm Ag d-spacing, nm
{100} 0.41 0.41
{110} 0.29 0.29
{111} 0.26 0.24
Lattice analysis shows the particle to be silver, rather than Ag2O or Ag2S as might be expected for an aged
sample, therefore these large islands are unlikely to be caused by silver nanoparticle oxidation or sulphide
formation of nanoparticles with age.
While the nanoparticle deposition system is equipped with the ability to produce an oxygen plasma using the
RF plasma source, initial experiments involved supplying oxygen to the experiment without the introduction
of an oxygen plasma, to see if it was possible for the samples to form oxides in situ without the presence of
a plasma. Dep. AgO3nm(2) was produced in such a way, in which 3 sccm of oxygen was flowed into the
main chamber of the system, and silver nanoparticles were filtered at 3 nm using the mass filter. A TEM
micrograph of the resulting particle landscape is shown in Fig. 5.17
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Figure 5.17: A TEM micrograph of Dep. AgO3nm(2) taken on the Titan microscope. Scale bar is 50 nm
For this micrograph, the average particle diameter is:
12± 0.2 nm
And the surface coverage is 3 %. From Fig. 5.2 and Fig. 5.3 we might expect, that for a 3 nm filtration
of 3 % surface coverage, an apparent particle size of around 2-7 nm. From inspection of Fig. 5.17, we see
that particles are largely isolated with an approximately spherical shape. We can therefore assume little
agglomeration has occurred on the surface, and this is the as-deposited size. We therefore see for the sample
made in the presence of oxygen, a movement to a larger average particle size.
Fig 5.18 shows an HR-TEM image of a nanoparticle from Dep. AgO3nm(2) , in which the nanoparticles
were oxidised in-situ with 3 sccm of gas flow, with no oxygen plasma.
(a)
002
111
111
(b)
(111)
(001)
(110)
(c)
Figure 5.18: (a) HR-TEM micrograph of a nanoparticle in the 〈110〉 zone axis orientation, from Dep.
AgO3nm(2) , which was oxidised in-situ with 3 sccm of gas flow, (b) FFT of micrograph, and (c) lattice
analysis up of ROI shown in red dotted box in (a). Scale bar is 2 nm
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Table 5.4 gives the d-spacings calculated from the FFT and lattice analysis on the structure of atomic
columns in 5.16, it can be seen that nanoparticle alignment matches 〈110〉 zone axis of silver.
Table 5.4: Measured d-spacings for Fig. 5.18, with respect to standard values for silver. The error for all
the measured d-spacings is 0.01 nm.
Group of planes Measured d-Spacing, nm Ag d-spacing, nm
{110} 0.29 0.29
{111} 0.24 0.24
{200} 0.22 0.21
It was thought it might be possible that oxygen was penetrating the edge of the nanoparticle only and
causing localised lattice distortion, despite the particle appearing uniform to the eye. With this in mind,
lattice analysis was also performed at the edge of the nanoparticle, and no difference was observed in any of
the d-spacings, showing that the particle is indeed uniform throughout its diameter.
It is therefore seen that oxidising in-situ during particle growth seems does not not appear to affect the
structure of the silver nanoparticles.
Inputting oxygen with an oxygen plasma in place should in theory cause deep penetration of the oxygen into
the silver lattice, causing oxidation not just on the surface but the transition to an oxide.
Fig. 5.19 shows a TEM micrograph of the particle landscape of Dep. AgO3nm , which was prepared by
flowing 3 sccm of oxygen through the RF plasma source, with the power set to 150 W.
Figure 5.19: TEM micrograph of Dep. AgO3nm , prepared using RF plasma source with a power of 150 W
and 3 sccm of gas flow. Scale bar is 50 nm
For this micrograph, the average particle diameter is:
19± 2 nm
And the surface coverage is 14 %. A 3 nm mass filtration was used to prepare this sample. From Fig. 5.2
and Fig. 5.3 we might expect, that for a 3 nm filtration of 14 % surface coverage, an apparent particle size
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of around 5-8 nm. This furthers what was observed for Dep. AgO3nm(2) , where a movement to a larger
particle size was observed.
Fig. 5.20 shows an HR-TEM micrograph of one of the large nanoparticles from Dep. AgO3nm .
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Figure 5.20: Nanoparticle from Dep. AgO3nm , which was oxidised in-situ using a 150 W oxygen plasma
with 3 sccm of gas flow (a) HR-TEM micrograph with (b) corresponding FFT, and (c) close up of ROI
shown in dotted red box in (a). Scale bar is 2 nm
From observation of the FFT and lattice analysis on the structure of atomic columns in 5.20, it can be seen
that the exposed facet is a close match for the 〈110〉 zone direction of pure silver, as shown in Table 5.5.
Table 5.5: Measured d-spacings for Fig. 5.16, with respect to standard values for silver. The error for all
the measured d-spacings is 0.01 nm.
Group of planes Measured d-Spacing, nm Ag d-spacing, nm
{100} 0.41 0.41
{110} 0.29 0.29
{111} 0.24 0.24
The d-spacing is exactly what one would expect for silver, despite the use of an in-situ oxygen plasma which
should in theory be able to penetrate and oxidise the newly formed nanoparticles.
It was thought that perhaps EDX could be used to look for an appreciable difference in oxidation when
compared to pure silver. However it is simpler to compare with the empty a-C grid. An EDX of Dep.
AgO3nm compared with an as-received a-C foil is displayed in Fig. 5.21. It can be seen that the oxidation
levels are no higher than for as-received carbon foils.
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Figure 5.21: EDX on Dep. AgO3nm
This lack of oxygen in this sample is in contrast to some previous results in literature [274], stating that
oxidation to Ag2O should proceed readily when silver is exposed to a plasma. It may be that higher oxygen
pressures could cause greater oxidation of the nanoparticles, however increases in oxygen above those used
for these experiments tend to cause target poisoning and can lead to power failure of the DC supply for the
target.
The other option is to increase the power to the plasma, in order to make the plasma more energetic and in
theory be more deeply penetrating. Dep. AgO3nm(3) involved running 3 sccm of oxygen was run through
the RF plasma source, with the power set to 300 W. Fig. 5.22 shows the resulting particle landscape at low
magnification after this experiment was performed.
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Figure 5.22: TEM image of nanoparticles deposited in a 300W oxygen plasma
From 5.22, we see the presence of very large particles. The average size from the micrograph was calculated
to be:
35± 10 nm
Particles this large are far beyond what would be seen for a simple silver experiment with no oxygen, even
after agglomeration due to high surface coverages, as evaluated in Section 5.2. This compounds the trend
that was observed for the other force-oxygenated samples (Dep. AgO3nm and Dep. AgO3nm(2) ). It
therefore seems reasonable to suggest that despite oxygen not always being taken up into the structure (the
samples appeared to still be silver), the presence of oxygen during synthesis encourages a larger particle size.
5.5 Equilibrium and Preferred Orientations of Silver
Many of the observed shapes of nanoparticles fabricated through physical deposition techniques are highly
dependent on the the growth conditions, and since the nanoparticle deposition system is one of only a few
machines of its kind, its growth conditions will be different than for other inert gas aggregation cluster
sources. In this section, the shapes produced will be observed and compared with those produced using
other inert gas aggregation cluster sources. Of particular interest is any examples of twinning behaviour, as
multiply twinned nanoparticles are thought to be common for small nanoparticles.
111
Chapter 5. Silver Nanoparticles
5.5.1 Observed Shapes of Silver
In Chapter 1, Section 1.8, it was stated that icosahedra are the preferred MTP for silver nanoparticles smaller
than 5 nm, followed by decahedra at intermediate sizes and Wulff polyhedra at particles of 21 nm or more.
In this section we are particularly interested in smaller sizes, where icosahedra and decahedra should be
dominant. Some of the observed shapes for certain sizes of nanoparticles will be discussed, with micrograph
examples.
Decahedra
Decahedra were observed mainly in the smallest nanoparticles. The presence of decahedra corresponds to a
growth parameter, α of 1.5, i.e. the deposition conditions appear to create particles grown under equilibrium
conditions. From Dep. Ag(3) the micrograph shown in Fig. 5.23(a) was observed. The pictured nanoparticle
is thought to be a decahedra in a position close to the {112} orientation with the substrate (see Fig. 5.23(b)).
From taking a video of the particle, and observing small changes in movement, the possibility of this particle
being an icosahedra sitting on its {111} facet is significantly reduced, since the nanoparticle edges appear
to be molten rather than defined facets (see Video 1, Appendix D). From inspection of the FFT in Fig.
5.23(c), we see that the image is looking down the 〈110〉 zone axis and the twin Bragg reflections can be
seen. This decahedron was measured as being 10 nm in diameter.
{111}
(a)
(b)
111
200220
(c)
Figure 5.23: (a) An observed 10 nm decahedron in Dep. Ag(3) , which is thought to be close to the (b)
{112} orientation with the substrate, with (c) corresponding FFT. Scale bar is 2 nm
Another decahedra observed in Dep. Ag(3) was just 3 nm in diameter. This is shown in Fig. 5.24(a).
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We can see that FFT analysis looks very similar to that for Fig. 5.23, and can once again conclude this
nanoparticle is being viewed on the 〈110〉 zone axis. This nanoparticle is more neatly aligned on its {011}
fivefold orientation with the substrate than for Fig. 5.23.
{111}
(a)
(b)
111
200
220
(c)
Figure 5.24: (a) A 3 nm decahedron in Dep. Ag(3) , in the (b) {011} fivefold orientation, with (c) corre-
sponding FFT. Scale bar is 2 nm
The Marks Decahedra
The presence of Marks decahedra suggests a deviation from equilibrium growth conditions, corresponding
to a growth parameter of 2 [164]. These particles were observed in the silver depositions from the UHV
deposition system, though were by no means common. Having a single nanoparticle on a carbon support, it
is possible to use the electron beam to manipulate a particle in order to observe it from multiple angles. Often,
HR-TEM images of MTPs in literature will often only show one view of the nanoparticle, and conclusions
will be made from that. In this experiment the beam is trained on a single 7.5 nm diameter nanoparticle
from Dep. Ag , and as the carbon support is weakened (and eventually destroyed), the nanoparticle begins
to rotate and a series of images can be obtained. Fig. 5.25 shows the various stages of this manipulation, and
it is observed in Fig. 5.25(e), that as the nanoparticle falls over the edge of the grid, that it is approximately
hemispherical in shape, where the top half has the structure of a Marks decahedron. The dome shape of
nanoparticles produced by sputtering deposition has been previously observed by Young et al. for soft landed
gold nanoparticles, where the kinetic energy upon impact causes a deformation of particle shape [275]. It
is entirely possible that this result is also the case for other observed shapes of nanoparticles in this thesis;
that icosahedra and decahedra observed are approximately dome shaped and correspond to only half of the
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theoretical structure.
{111}
{100} {111}
(a)
{111}
{100}
(b)
{111}
{100}
(c)
{111}
(d)
{111}
{100}
(e)
Figure 5.25: The rotation under the electron beam of a 7.5 nm diameter Marks decahedron, made in Dep.
Ag . Depicting (a) a schematic of a marks dechedra (b), (c) initial small movements as the carbon grid
weakens followed by (d), (e) the descent into a hole formed on the grid and subsequent rotations. Where
orientations are analogous to allowed orientations of standard (non Marks) decahedra, inset images of these
orienations are shown; in (c) this is the {001} orientation, in (e) this is the {011} orientation. Scale bar is 2
nm for all micrographs.
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As the carbon foil degrades, the 12 Mark’s decahedron rotates; in Fig. 5.25(b), the nanoparticle is in an
orientation that looks like it is centred on the inset {111} facets on the side of the marks decahedron (i.e
those which distinguish it from an Ino decahedron [276]). In Fig. 5.25(c) it appears that the particle shifts
upwards to a position analogous to the {112 orientation with the substrate for a non-Marks decahedron shown
in 1.10(d). Then in 5.25(d) we see the {001} orientation shown in 1.10(b). Finally, as the nanoparticle falls
over the edge of the foil in 5.25(e), we see the 12 Marks decahedron sideways on, with the {100} facet pointing
forwards, as illustrated in Fig. 1.8, Chapter 1. The equivalent orientations for a decahedron (not a Mark’s
decahedron) are shown inset in Fig 5.25.
Icosahedra
Icosahedra were seen to be most common among intermediate sized particles, of sizes around 10-15 nm. This
was also the most commonly observed particle morphology for silver, aside from non-equilibrium shaped
particles, and implies a growth parameter of 1.5. It was seen for a number of different depositions of silver,
which featured different experimental techniques as given in Section 3.3, Chapter 3.
For Dep. Ag(3) , three examples of icosahedra are shown in Fig. 5.26, of sizes (a) 12.5 nm, (c) 15 nm and
(e) 11.5 nm diameter For Fig. 5.26(a), the nanoparticle is seen to be in the {111} orientation with respect
to the substrate, (c) and (e), however, are both observed to be in the {112} orientation with the substrate.
It is unclear if these orientations are the most common, or whether they are simply the easiest to identify.
Samples are observed to undergo rotations on the substrate over the course of time, and this will be discussed
in more detail in Section 5.6.
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Figure 5.26: Icosahedrons of (a) 12.5 nm diameter in the {111} orientation (inset) with (b) corresponding
FFT (c) 15 nm diameter in the {112} orientation (inset) with (c) corresponding FFT and (e) 11.5 nm
diameter in the {112} orientation (inset) with (f) corresponding FFT. All nanoparticles are from Dep.
Ag(3) . Scale bar for all micrographs is 2 nm.
For Dep. Ag(2) , icosahedra were seen again, and were seen for sizes as small as 5 nm, in Fig. 5.27(a), as well
as larger sizes (see Fig. 5.27(c) and (e)). An interesting insight is when considering a particle on the edge of
the grid, the faceting of the part of the particle becomes much more defined, as shown in Fig. 5.27(c). This
is most likely due to a combination of the reduced thickness with only the vacuum behind the particle and
the instability of the particles position causing non equilibrium alignments with the substrate, however it
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could be indicative of reduced substrate-particle interactions allowing the particle to be a more stable shape.
This seems unlikely when other images don’t show the same trend (see, for example Fig. 5.27(e).).
(a)
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200
(b)
(c)
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200
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(e)
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(f)
Figure 5.27: Icosahedrons of (a) 5 nm diameter with (b) corresponding FFT, (c) 7 nm diameter with (d)
corresponding FFT and (e) 12 nm diameter with (f) corresponding FFT from Dep. Ag(2) . Scale bar for all
micrographs is 2 nm.
For Dep. Ag3nm we saw predominantly icosahedra. Fig 5.28 shows a 17 nm diameter icosahedra that
appears to rotate slightly under the beam. A beam current of 48.8 pA/cm2 was applied. The corresponding
video is shown in Appendix D, Video 2. In Fig. 5.28(a), we observe an icosahedra that appears to feature
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bowing at the edges, indicated with the white dashed lines at the edge of the particle. These bowing features
are not present in Fig. 5.28(b), which has a more circular morphology and appears to grow more prominent
in Fig. 5.28(c), in particular on the lower edges. This suggests it is possible that the beam is causing the
deformation from a perfect icosahedron to an icosahedron with a capped pyramidal structure on each {111}
facet, such as is favourable for higher α values, as shown in Fig. 1.9(a). We therefore see that the beam
appears to alter the equilibrium state of the particle. The capped pyramidal structure corresponds to a α
of 1.3.
(a) (b) (c)
Figure 5.28: The transformation of an icosahedra to an icosahedra with pyramidal capping, showing (a) an
initially rounded edged icosahedra at 18 s of exposure (b) capped pyramids emerging at 516 s (c) further
deformation at 660 s. Scale bar is 2 nm for all micrographs.
From these results, the observation is made that while we do see particles resting in various positions, we
commonly see a 〈110〉 orientation with the beam for the majority of samples. This occurred many times for
silver so is not thought to be a coincidence, hence it would appear that interactions with the a-C substrate
are influencing the orientation of the silver nanoparticles.
More examples of shapes observed for various depositions will be given in Section 5.6, later in this chapter,
in which how deformation of the shapes occurs due to the presence of neighbouring particles.
Extreme Deviations from Equilibrium
The method of formation will influence the final product; i.e particles created using wet chemical techniques
will not have the same morphology as those created using magnetron sputtering techniques. A particle
such as that shown in Fig 5.29 may be a direct effect of the synthesis technique. It could be that two
small nanoparticles form independently and then join, it is interesting that the coalescence into a single, less
faceted, lower energy particle, is suppressed, possibly due to high substrate-particle interactions [170].
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(a) (b)
Figure 5.29: (a) A TEM image of a particle made up of smaller multiply twinned nanoparticles, which are
highlighted in (b). Scale bar is 2 nm
Regions of interest on this nanoparticle are highlighted using roman numerals in Fig. 5.29(b). We see in
I that there is a 5 fold multiply twinned region in the nanoparticle. In II we also see what is thought
to be a truncated octahedron. In III we see anomalous regions of what is thought to be twin boundary
grooving, which has been previously reported to be dependent on the growth conditions [164]. The area
of III indicated by the dashed line could also be attributed to silver wetting the a-C foil, signifying some
interaction between the nanoparticles and their substrate. In IV we see the lattice lines are curved, signifying
that this nanoparticle is in a highly strained configuration, as one might expect. In V we see the somewhat
strange and difficult to characterise interface between the two nanoparticulate formations (the five-fold twin
and the truncated octahedron. It is thought that this area consists of various lattice distortions and is very
highly strained.
In general, however, non-equilibrium particles are thought to be due to the coalescence of smaller, equilibrated
particles, after deposition, with their complete assimilation to spherical particles prevented by high substrate
particle interactions, which can then be reduced using energy from the beam. These non-equilibrium shapes
occur at higher surface coverages, where island formation is favourable (typically above 15%, see Fig. 5.3).
A sample which features these types of highly non equilibrated shapes is Dep. Ag10nm(2) , of which the
particle landscape is shown in Fig. 5.30.
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Figure 5.30: Particle landscape of Dep. Ag10nm(2) , which has many highly non-equilibrated shape. Scale
bar is 20 nm
Many of these shapes adopt ‘bean-like’ structures, which feature multiple configurations of twins, in shapes far
from equilibrium, but tending to have a high number of what appears to be {111} facets. As for equilibrated
shapes, these shapes also tend to be in the 〈110〉 zone orientation with the electron beam. These are shown
in Fig. 5.31.
(a) (b)
(c)
Figure 5.31: Three multi-faceted, non-equilibrium particles from Dep. Ag10nm(2) . Scale bar is 2 nm for
all micrographs
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5.6 Coalescence of Silver Nanoparticles Under the Electron Beam
It was noticed during repeated imaging of silver nanoparticles that the particles were not immobile on the
a-C grid. Rather, the particles were seen to move to coalesce with one another under the electron beam. The
literature behind such behaviour is discussed in section 1.9, and it is well documented that this behaviour
can occur for silver. However the mechanisms behind such behaviour remain ambiguous, and so it is the
aim of this work to investigate this behaviour in detail using HR-TEM techniques and attempt to further
understand it.
Fig. 5.32 shows a histogram and kernel density plot showing the distribution of particle equivalent diameters
typically studied for coalescence effects under the electron beam, this particular sample is Dep. Ag10nm(2)
.
Figure 5.32: Histogram and Kernel density plot for particle equivalent diameters of sample predominately
studied for coalescence effects under E-beam.
Fig. 5.33 shows the coalescence of a large oval shaped nanoparticle with a small round particle. The large
particle is labelled ‘A’ and the small particle is labelled ‘B’. The full coalescence series is given in Video 3,
Appendix D. The large particle is initially in a non equilibrium shape in Fig. 5.33(a) featuring at least one
five-fold twin, together with many other small scale facets. The particle reorganises itself in Fig. 5.33(b) to
adopt a more circular and hence lower surface energy configuration, using energy from the electron beam to
restructure rapidly. As the smaller particle B approaches, the edges of the nanoparticle appear to extend
out/accrete new material, shown by the red dashed line in Fig. 5.33(b). This small particle appears to have
a decahedral morphology and the axis is seen to rotate as the particle approaches, as seen in Fig. 5.33(c)
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and (d). The edge of A closest to B develops a facet as B comes close. The faceting appears to be conserved
during the coalescence event in Fig. 5.33(e), however particle A after coalescence shows little difference in
shape after B is completely incorporated. What we see in this initial sequence is that particles are subject
to much rotation and restructuring under the beam, and it is non-trivial to separate what is caused by beam
energy alone and the presence of other particles.
A
(a)
B
(b)
(c) (d)
(e) (f)
Figure 5.33: A coalescence event from Dep. Ag10nm(2) , showing the merging of a large, 11 nm diameter
particle ‘A’ with a 4 nm particle, ‘B’, with micrographs taken at (a) 0 s, (b) 110 s, (c) 210 s, (d) 230 s, (e)
240 s and (f) 250 s. This experiment is performed with a current density of 145 pA/cm2 at an accelerating
voltage of 200 kV. For further beam conditions, consult Appendix E. Scale bar for all micrographs is 2 nm.
Fig. 5.34 continues on from the image sequence in Fig. 5.33, in which particle A coalesces with two new
approaching particles, C and D. Again, this is shown in Video 3, Appendix D. The fact that A coalesces
with not one, but three particles suggests that these particles are capable of attracting each other over longer
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distances, since these particles were not initially in the immediate vicinity of A. These particles are indicated
in Fig. 5.34(a). The initial morphology of D is unknown, since it is out of the field of view. It is therefore
not known if the facets in the neck region in Fig. 5.34(b) reflect the initial morphology of D. However, C
shows a clear fivefold twin in Fig. 5.34(b), signifying a likely decahedral shape. This decahedron is clearly
distorted in Fig. 5.34(b), as shown by the red dashed lines. The initially rounded extension becomes sharper
in Fig. 5.34(c). When coalescence does proceed, we see the formation of a fivefold twin on A close to the
neck region and the some of facets on B appear to be conserved. There is clear strain at the interface, and
the lattice lines on B appear to warp in response to this. There is a clear distorted interface between the two
particles, and there appears to be new facet formation indicated by the red dashed triangle in Fig. 5.34(d).
It would seen in this instance that the facets are slowing the coalescence, and the neck is being formed by
surface diffusion of atoms from C to surround the interface between A and C.
C
D
(a) (b)
(c) (d)
Figure 5.34: A coalescence event from Dep. Ag10nm(2) , continued from Fig. 5.33 showing the merging of
a large, 12 nm diameter partice ‘A’ with two 9 nm particles, ‘C’ and ‘D’, with micrographs taken at (a) 350
s, (b) 450 s, (c) 520 s and (d) 610 s. This experiment is performed with a current density of 145 pA/cm2
at an accelerating voltage of 200 kV. For further beam conditions, consult Appendix E. Scale bar for all
micrographs is 2 nm.
Many attempts have been made to understand the approach behaviour of nanoparticles prior to coalescence,
but it is generally thought that particles move via Brownian-like motion, and that coalescence events are
the result of random walks over the substrate [237]. Fig. 5.33 and Fig. 5.34 provide a unique opportunity
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to study this as three nanoparticles are absorbed into the same particle. So the behaviour can be compared
for a small decahedron, B, a larger decahedron C and a third particle D, of similar equivalent diameter to
C. The graphs of the particle approach for all three nanoparticles are shown in Fig. 5.35. What is seen
for all three nanoparticles is that the approach is not exactly linear. Rather it is characterised by series of
linear periods interspersed by steps whether the particle appears to ‘jump’ backwards away from A, or stay
immobile for a short period. This is most obvious for the smallest particle, B, shown in Fig. 5.35, where at
60 seconds the particles approach is stopped. If the behaviour was characterised by random walk, one might
expect the smaller particle, B, to move faster due to its higher diffusivity. However, it does in fact cover less
distance in less time than either particles C or D. It was thought that particle rotations may be responsible
for slowing down the particle, however we know from Fig. 5.33 that a particle rotation occurs between (c)
210s and (d) 230s, yet little no clear step is seen at this time on Fig. 5.35. Therefore it is thought that the
steps are caused by either steps/traps in the a-C foil or competing attractions from neighbouring particles
outside of the field of view. One cannot rule out Brownian motion, since the large steps of the ‘approach
of B to A’ in Fig. 5.35 signify the large displacements that one might expect for a smaller nanoparticle via
Brownian motion.
Figure 5.35: Graphs showing the rate of approach of three smaller particles B (4 nm equivalent diameter),
C (9 nm equivalent diameter), and D (9 nm equivalent diameter) to the larger particle, A (originally 11 nm
equivalent diameter), in Figs 5.33 and 5.34. The ‘distance between particles’ on the y axis is defined as the
minimum distance between the edges of the coalescing nanoparticles, therefore 0 nm distance is defined as
the point of contact between nanoparticles.
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For all particles studied, attempts were made to find trends between the equivalent diameters of the particles
involved in coalescence, versus the total time of the coalescence event, and the rate of growth of the neck. It
is important to note that this was exceptionally challenging. Very small particles, ≤ 5 nm, were seen to be
quickly absorbed into larger particles, however, for larger particles, the trend disappeared and coalescence
time would vary from event to event, even within the same microscope session, at which the beam energy
would remain equivalent. This suggests that the role of facets is likely to be important, since smaller
particles tend to be in greater equilibrium, and facets are thought to reduce the rate of coalescence [166],
whereas larger particles tend to be in a reduced equilibrium state and therefore potentially coalesce faster.
Additionally, traps and defects in the a-C foil could result in increased bonding of the nanoparticle with the
substrate. These factors could be responsible for the lack of clear trends.
Fig. 5.36 shows a coalescence event from Dep. Ag10nm(2) on the Jeol 2100F. This event will henceforth
be called Series α. It shows the coalescence between an initially non equilibrated multi-faceted elliptical
nanoparticle and a smaller 12 nm icosahedral particle, where the fivefold axis is clearly shown in Fig. 5.36(a).
The full image series is given in Video 4, Appendix D. In the early stages of the series, the elliptical particle
transforms to a more spherical morphology to reduce surface energy under the illumination of the beam.
This is seen by comparing Figures 5.36(a) and (b). However it does not appear to adopt a more equilibrated
morphology with well defined facets. The icosahedral 12 nm particle has approached in the time it takes
for the elliptical particle to become more spherical. Rather than form an icosahedral structure, the larger
particle instead begins to extrude material from its top right corner, as demonstrated in Fig. 5.36(c). This
material appears to be more faceted than the bulk of the material and is in a 〈110〉 zone axis orientation
with the electron beam. The {111} and {001} planes are highlighted by yellow and blue in Figs. 5.36(b)
to (d). What is observed is that there is a movement of the {111} facets to align prior to contact, as in
Fig. 5.36(b) there is an apparent angle of 11.3o between the {111} facets on the larger and smaller particle,
whereas in Fig. 5.36(c) there is no mismatch angle. Coalescence then proceeds across the {111} facet and
the neck region appears to be made of {111} planes exclusively, as is seen in Fig. 5.36(d). This event differs
from conventional oriented attachment in that alignment occurs prior to contact. During coalescence itself
we see that the facets on the icosahedral particle are maintained for most of the neck formation period, and
it is only when the neck spans the diameter of the 12 nm particle that the facets appear to begin to break
apart, as seen in Fig 5.36(e).
125
Chapter 5. Silver Nanoparticles
(a)
11.3
{111}
o
(b)
{111}
{001}
(c)
{111}
(d)
(e) (f)
Figure 5.36: Coalescence series α from Dep. Ag10nm(2) , after (a) 15 s, (b) 843 s, (c) 1218 s, (d) 1251 s,
(e) 1290 s , (f) 1335 s. Experiments are performed with a current density of 145 pA/cm2 at an accelerating
voltage of 200 kV on the Jeol 2100F. Full microscope conditions can be found in Appendix E.1. Scale bar
for all micrographs is 2 nm.
Fig. 5.37 shows a coalescence event, which will be called Series β, which in contrast to Series α, Fig.
5.36, does not show any orientation prior to attachment. The full series is shown in Video 5, Appendix
D. The {111} planes, which were shown previously to align in Series α, in this series stay at an angle of
approximately 11o throughout the series. This results in no continuous faceting being observed in the neck
during coalescence. Both particles in Fig. 5.37 appear to be faceted, with the topmost 10 nm diameter
particle showing clear decahedral structure. The lower particle has faceting, though the shape is hard to
distinguish due to particle movement. Once again, both particles are in 〈110〉 zone axis orientation with the
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beam.
{111}
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{011}
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Figure 5.37: Series β from Dep. Ag10nm(2) , depicting a 10 nm and a 7 nm particle coalescing without the
alignment of facets, with micrographs at (a) 27 s, (b) 39 s (c) 45 s and (d) 90 s. Experiments are performed
with a current density of 145 pA/cm2 at an accelerating voltage of 200 kV on the Jeol 2100F. Full microscope
conditions can be found in Appendix E.1. Scale bar for all micrographs is 2nm
Fig. 5.38 shows the coalescence of what is likely a icosahedron (although possibly a Marks decahedron) with
a much larger, non-equilibrium nanoparticle. This series is referred to as series γ, and is shown in full in
Video 6, Appendix D. Initially, the equilibrated particle starts off with slightly rounded edges, indicated by
the red dashed lines in Fig. 5.38(a), which could be indicative of either a Marks decahedron or an icosahedron
with a α of less than 1.5. The particle then appears to rotate slightly on the substrate, so it is no longer
in the {011} fivefold orientation with the substrate, instead moving towards the {111} orientation with the
substrate. As this occurs, the left and right-most protruding edges become more pronounced, moving further
from equilibrium shape. This is most pronounced in Fig. 5.38(d). This behaviour is similar to what was
seen in Fig. 5.28, which was also for Dep. Ag3nm . These sharp protrusions are then relieved upon contact
with the neighbouring particle, in Fig. 5.38(f).
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Figure 5.38: Series γ, showing the coalescence of an icosahedron with a much larger non-equilibrium shaped
particle, from Dep. Ag3nm . After (a) 378 s, (b) 447 s, (c) 525 s, (d) 582 s, (e) 594 s, (f) 606 s, (g) 636 s, (h)
648 s of beam exposure. Experiments are performed with a current density of 130 pA/cm2 at an accelerating
voltage of 200 kV on the Jeol 2100F. Full microscope conditions can be found in Appendix E.1. Scale bar
for all micrographs is 2 nm.
The neck evolution as a function of time was studied, and compared with predictions from the paper by
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McCarthy and Brown [166]. In this paper they predicted the neck evolution with time should follow a power
law relation according to r ∝ ta with a ∼ 13 and a ∼ 16 for the early and intermediate stages of coalescence
respectively. They said for these early stages the coalescence should be independent of faceting, temperature
or nanoparticle size. This in fact is not always what is seen experimentally. Instead, for both the β Series
and the γ Series, there is an initial power of 12 , which then becomes about
1
6 from 10s onwards. For the
α series, there is an initial period where there is a power of 13 , in agreement with theory, followed by a
period of 15 . The values of a ∼ 16 and a ∼ 15 are within what is possible for the later stages of coalescence,
which McCarthy and Brown state can be between a ∼ 13 and a ∼ 16 . The values suggest a large nucleation
barrier to coalescence, according to McCarthy and Brown, which seems interesting because silver, out of all
FCC metals, is thought to readily and rapidly coalesce, and the coalescence is being further enabled by the
electron beam, so one might expect a low nucleation barrier, comparatively. It is possible that faceting plays
a role in these rates, but also it was observed in Fig 5.25 that particles may have a dome shape, which would
lead to increased interactions with the a-C support, which may influence these neck evolution rates.
Figure 5.39: The evolution of the neck radius of Series α, taken from Fig. 5.36 , Series β, taken from Fig.
5.37 and Series γ, taken from Fig. 5.38. Times are normalised to start at 0 from the moment of first contact
for each image series, rather than the total time elapsed. Error is 0.2 nm for all points
5.6.1 Evidence of Long Range Attraction
The micrographs displayed in Fig 5.40 were taken of a 12 nm, relatively isolated particle from Dep. Ag(3)
that was seen to attract particles from relatively long distances away. The micrographs are taken at low
magnification prior to and after the events of the series, to be shown in Figures 5.41-5.43, and also given in
Appendix D, listed as Video 7. The nearest particle is 5 nm in diameter and situated 12.5 nm away from
the central particle. Seven other, larger particles are about 19 nm away on average. It can seen that after
the image series was taken the particle was no longer isolated and had coalesced.
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(a) (b)
Figure 5.40: Low magnification micrographs of an ‘isolated’ particle from Dep. Ag(3) (a) before (b) after
imaging for 918 seconds. Scale bar for both micrographs is 5 nm.
The series that takes place between Fig 5.40(a) and (b) is broken up over three Figures, showing:
1. Fig. 5.41: interactions of the particle on its own, i.e.: distortions to the equilibrium shape that occur
when no other particles are within the field of view.
2. Fig. 5.42: interactions that occur when the other particle is in the field of view.
3. Fig. 5.43: neck formation and coalescence
In Fig. 5.41 it can be seen that the supposedly ‘isolated’ particle undergoes significant distortion under the
electron beam. The initial shape is a spherical icosahedron as seen in Fig. 5.41(a), however the orientation
is not one of the allowed orientations with the substrate that one would expect. While it appears that the
3-fold {111} orientation is parallel with the a-C foil, one can see parts of a second 5-fold axis to the right
side that should not be visible in this orientation, suggesting a slight rotation and possible initial distortion
from equilibrium. In Fig. 5.41(b) one can see that this suspected distortion grows, seemingly at random
to produce a crystalline distorted shape indicated by the red dashed line. In Fig. 5.41(c) the particle has
returned to an approximation of its original shape. In Fig. 5.41(d) the particle once again distorts itself.
The fivefold axis on the right hand side is lost and the particle becomes more spherical on the right side,
but the lower side grows, as indicated by the red dashed line. Approximately 60 seconds later, the events of
Fig. 5.42 begin to unfold, we see the appearance of a second nanoparticle in the field of view. It is possible
that this distortion is due to the presence of this particle being ‘felt’ over a long distance and the particle
responding by the creation of new facets. From this series, we can see that an isolated nanoparticle clearly
undergoes distortions under the electron beam even when not in close contact with neighbouring particles.
The question that remains unanswered is; is this purely in response to the electron beam’s energy? Or is
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the particle ‘feeling’ the presence particles that are over 10 nm away and responding by extruding material?
(a) (b)
(c) (d)
Figure 5.41: Micrograph series showing evidence of long range attractions between silver nanoparticles, Part
1: distortions of an isolated particle, at (a) 3 s, (b) 75 s, (c) 186 s, (d) 282 s. Experiments are performed
with a current density of 780 pA/cm2 at an accelerating voltage of 300 kV on the Titan. Full microscope
conditions can be found in Appendix E.1. Scale bar for all micrographs is 2 nm.
In Fig. 5.42 we see the approach of another nanoparticle into the field of view. That is not to say that
interactions did not occur before this, but we were unable to see the cause of any interactions. Note that
at the start of this series, the particles are 5 nm apart and 352 s have transpired since the image series has
started and the particle landscape was as in Fig. 5.40(a), where the nearest particle was 12.5 nm away.
However this particle and its nearest neighbour do not have the required combined volume to make the
12 nm particle observed to coalesce with our initial particle even if they were to coalesce with each other.
Therefore we have to assume that the particle observed to approach our particle must have been one of the
others, which were all a distance of at least 18 nm. This corresponds to a movement of 14 nm in under 360
131
Chapter 5. Silver Nanoparticles
seconds, which means a diffusivity constant of 1.9 x 10−11ms−1. Previously, diffusivity values for silver have
been found to be between 10−17ms−1 to 10−20ms−1, depending on temperature, particle size (12-40 nm)
and capping agents [277]. Silver nanoparticles observed in this experiment therefore seem to move too fast
to be characterised by any ‘random walk’ behaviour, and since the particles involved are both quite large in
equivalent diameter (12 nm and 14 nm), one would not expect such large particles to diffuse over the surface
at a significantly faster rate compared to theoretical values. Either the electron beam is mediating diffusion
greatly or the particles are experiencing long range attractions.
In Fig. 5.42(a), we see that the disordered shape extruded on the lower side of the particle appears to form
sharp facets as the new particle approaches. These facets then appear to destabilise in 5.42(b), but still
reach out further. While the outside shape appears to not show any clear faceting, the lattice is clearly
defined and so this material is still crystalline. Interestingly, the new material then recedes back into the
original particle in 5.42(c). The morphology of the approaching particle can now clearly be identified as
an icosahedron in the {111} orientation with the substrate, although it appears to be slightly elliptical in
nature. In Fig. 5.42(d), the icosahedron has rotated and the edge nearest the ‘original’ particle appears
to have destabilised and perhaps melted to some degree. In addition to this the original particle has again
extruded a new facet. It would appear from this series that the particles are interacting with one another,
especially when this extruding of material has been seen for multiple coalescence experiments detailed in this
thesis. All significant destabilisations, with the exception of that in Fig. 5.41(b), were in the direction of the
approaching nanoparticle, and this exception could be explained as an attempt by the particle to equilibrate
its shape, as it is not spherical in Fig. 5.41(a). It is therefore postulated that the interactions between
particles are long range, and occur over several nm. A possible mechanism for long range interactions is
electrostatic interactions between the nanoparticles. To explore this, holography experiments are proposed,
and some preliminary holography experiments can be found in Appendix F.3.
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(a) (b)
(c) (d)
Figure 5.42: Micrograph series showing evidence of long range attractions between silver nanoparticles, Part
2: interactions that occur when the other particle is in the field of view, at (a) 352 s, (b) 420 s, (c) 585 s, (d)
738 s. Experiments are performed with a current density of 780 pA/cm2 at an accelerating voltage of 300
kV on the Titan. Full microscope conditions can be found in Appendix E.1. Scale bar for all micrographs
is 2 nm.
The coalescence of the two nanoparticles is shown in Fig. 5.43. In Fig. 5.43(a), one can observe that in
the early stages of neck formation, facets from the 12 nm icosahedral particle appear to ‘glide’ out from
one edge to form the neck, as is shown by the red lines. The neck however appears to be multifaceted,
presumably because both nanoparticles are multi-faceted and so the neck attempts to create an arrangement
of {111} facets to be coherent with the two coalescing shapes. In the later stages of coalescence, this becomes
apparent as new five-fold axes consistent with {111} planes appear to form in the neck region, as can be seen
in Fig. 5.43(c). As with previous coalescence events, the facets are maintained for a long time during the
coalescence event. Again, the five-fold axis on the smaller particle is apparent until the neck spans the width
of the nanoparticle (compare Fig. 5.43(b) with (c)). It is also believed that the coalescence even shows a
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transformation from (a) icosahedron to (b) decahedron to (e) (possibly) octahedron. In this way the particle
is moving towards a shape that involves less internal strain, but increasing in terms of surface energy. This
is somewhat intuitive as the particle is now part of a larger particle, in a way it retains its identity as a
separate entity, but its energy minimisation is governed by the whole island. This is significant restructuring
and would take an enormous amount of energy to achieve. Additionally, it is believed that melting may be
occurring on the far right side of the particle, as indicated by the red dashed lines in (c) - (e). Some melting
is also believed to be seen on the top part of the the neck region in these micrographs. This suggests an
interesting mechanism: that atoms on the farthest side of the particle from the coalescence event melt, and
move into the neck via diffusion, while the particle in contact with the neck region remains highly faceted
which is the opposite to what one might expect. However presumably this spreads the energy costs over the
whole particle, since the neck becomes faceted to reduce energy during coalescence, if the particle nearest to
the neck region is not also faceted, it would increase the strain at the interface between neck and particle.
134
Chapter 5. Silver Nanoparticles
(a) (b)
(c) (d)
(e)
Figure 5.43: Micrograph series showing evidence of long range attractions between silver nanoparticles, Part
3: neck formation and coalescence, at (a) 783 s, (b) 804 s, (c) 888 s, (d) 897 s, (e) 918 s. Experiments are
performed with a current density of 780 pA/cm2 at an accelerating voltage of 300 kV on the Titan. Full
microscope conditions can be found in Appendix E.1. Scale bar for all micrographs is 2 nm.
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5.6.2 Ostwald Ripening
In the image series in Fig. 5.44, taken from Dep. Ag10nm(2) , several Ostwald ripening events occur. The
full series is given in Video 8, Appendix D.
Fig 5.45 shows the changes in particle sizes with time for the particles labelled in Fig. 5.6.2. Particle C is
seen to disappear as a result of Ostwald ripening after 36 seconds, despite not being the smallest particle nor
closest to other nanoparticles. The next particle to disappear is B, which is seen to almost be gone in Fig.
5.44(d), and vanishes at 423 seconds. Also particle E has decreased greatly and the gap between particles D
and E has decreased. By Fig. 5.44(e) D and E have coalesced. This particle then disappears in Fig. 5.44(f).
In Fig. 5.44(g) (681 s), particle G is observed to have approached close to particle A, which it then seems
to ripen into in Fig. 5.44(h). In addition to the ripening behaviour, particles which appear to remain ‘fixed’
in place during the micrograph series, such as particles A and F, are observed to undergo rotation on the
substrate, indicated by the white dashed lines. For the particles that shrink via Ostwald ripening, Fig 5.45
shows how the final stages of ripening are often very rapid, and do not always fit linear plots.
This range of equivalent diameters allows an insight into which diameters of nanoparticle show preference for
Ostwald ripening, and which diameters coalesce. In this series, all particle diameters below that of particle
F, 6.5 nm, were seen to ripen into larger particles. However, it was later seen that Ostwald ripening and
particle diameter cannot be uniquely determined for silver, as later in Fig. 5.48, we will see a different
interplay of the Ostwald ripening and coalescence effects with varying particle diameters. From this series of
images we do see, however, that the smallest particles do not ripen first, that other mechanisms other than
particle diameter determine Ostwald ripening.
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Figure 5.44: Ostwald events from Dep. Ag10nm(2) , showing various sub-5nm particles being ripened into
surrounding particles, with micrographs taken at (a) 3 s, (b) 78 s, (d) 309 s, (e) 414 s, (f) 606 s, (g) 681 s
and (h) 810 s. Experiments are performed with a current density of 145 pA/cm2 at an accelerating voltage
of 200 kV on the Jeol 2100F. Full microscope conditions can be found in Appendix E.1 Scale bar for all
micrographs is 2 nm.
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Figure 5.45: Shrinkage plots for Figure 5.44. The error bars are from the error associated with measuring
the area of the particles on the Image J software.
The interplay of Ostwald ripening and coalescence, when each mechanism occurs and how their relative
dominance varies with morphology is of particular interest in this research. Fig. 5.46 shows micrographs
from a series taken on the Titan on Dep. Ag(3) , showing the gradual Ostwald ripening of a small particle
into a larger particle. Over the course of the series, the smaller particle goes from 7.5 nm diameter to 2.5
nm diameter, and the larger particle goes from 11 nm to 12 nm. The full series is shown in Appendix D,
Video 9.
Initially, in Fig. 5.46(a) both particles appear to adopt an icosahedral morphology. The larger particle
also has rounded edges, as demonstrated by the white dashed circle drawn around the shape. As the series
progresses the smaller particle reduces in diameter and what is most striking is the five-fold icosahedral axis
appears to always be maintained, however the particle clearly transforms from icosahedral to decahedral
at approximately 5 nm, which occurs between Fig. 5.46(c) and (e). The particle appears to then undergo
some structural shifting but remains decahedral even at smaller diameters, see Fig. 5.46(g). This suggests
that as material is lost from the smaller particle and accreted onto the larger particle, the smaller particle
continuously seeks to maintain equilibrium by maintaining its {111} facets and seeking to make a completed
shape at each equivalent diameter.
Another interesting effect to note, is that while neither particle appears to move during the course of
the acquisition, and no rotations are observed in either particle, the larger particle appears to gain mass
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predominantly on the right hand side, nearest to the smaller particle. This is shown in the white dashed
lines in Fig. 5.46(g). This could be due to the lost mass from the small particle predominantly accreting
here, but this is also reminiscent of previous coalescence events where particles were seen to deform when in
close proximity to each other. It is likely a combination of both effects.
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Figure 5.46: Ostwald ripening and accompanying morphology change of a smaller particle into a larger
particle in Dep. Ag(3) . In which the smaller particle is of diameter (a) 7.5 nm at 24 s ,(b) 6.5 nm at
165 s,(c) 6 nm at 195 s,(d) 5 nm at 228 s,(e) 4 nm at 330 s, (f) 3.5 nm at 480 s and (g) 3 nm at 584 s.
Inset schematics show approximate orientation of nanoparticles with the substrate, showing (a) the {111}
orientation of the larger nanoparticle and the {011} orientation of the smaller particle. Between (d) and
(e), the smaller nanoparticle transforms from an icosahedron to a decahedron in the {011} orientation.
Experiments are performed with a current density of 780 pA/cm2 at an accelerating voltage of 300 kV on
the Titan. Full microscope conditions can be found in Appendix E.1. Scale bar in all micrographs is 2 nm.
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If the reduction of diameter of the small particle is graphed as a function of time, one can see the most
interesting trend, shown in Fig. 5.47. In this graph we see the actual observed behaviour as a function
of time, indicated by the black dotted line, versus the predicted trend assuming that volume is lost from
the smaller nanoparticle at a constant rate, i.e. the number of atoms departing the smaller particle to go
to the larger particle is constant with time. This trend is called the ‘constant volume decrease’ and has
been extrapolated using the first two volume points, assuming spherical morphology. What we do see is
that the rate of lost particles from the small particle varies enormously, from an initial slow loss between 7
and 8 nm to a rapid reduction in diameter between 7 and 4 nm, followed by a plateaued region and then a
gradual decrease of diameter with time. The reason for this is believed to be the changes in morphology that
the particle undergoes as it reduces in diameter. It is initially in a stable icosahedral shape and therefore
atom accretion to the larger particle is slow, but once some matter is lost, even though the particle is still
icosahedral, it is no longer at a diameter where it can be a stable icosahedra and so Ostwald ripening occurs
very rapidly until the particle reaches the stable decahedral shape below about 4 nm.
Figure 5.47: The shrinkage with time of the initially 7.5 nm diameter particle in Fig 5.46.
5.6.3 Mixed Coalescence, Ostwald Ripening and Coalescence Avoidance
Often the movement towards an overall larger particle equivalent diameter of silver nanoparticles is not as
simple as pure coalescence or pure Ostwald ripening, instead we can sometimes see a mixture of the two
effects. A third event is also possible: the complete avoidance of coalescence.
Fig. 5.48 shows select micrographs from a series taken on the Jeol 2100F of Dep. Ag10nm(2) , shown
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fully in Video 10, Appendix D. In this series, several smaller particles of diameters between 2 and 4.5 nm
are seen to actively avoid coalescence. The particles that avoid coalescence are highlighted using different
colours, all other particles either coalesce or move out of the field of view. The specific diameters of each
of the nanoparticles are given in the caption on Fig. 5.48. In Fig. 5.48(a) we see a highly elliptical central
particle surrounded by some small and some larger particles. Initially only coalescence-resistant particles
A and C are in the field of view. In Fig. 5.48(b), the field of view has become more populated, and the
central large elliptical particle has moved to the right and become more circular, and dominated by larger
facets than in Fig. 5.48(a), although still does not adopt a equilibrated morphological structure. In Fig.
5.48(b), a 5.5 nm diameter particle is highlighted by a white dashed line. This particle is larger than many
of the coalescence-resistant particles. Its shape is not obvious and it appears to rotate under the beam, as no
clear orientations can be observed that allow its structure to be identified. In Fig. 5.48(c) the white dashed
particle coalesces with the central large particle. The field of view has continued to become more populated.
After the coalescence event, particle A moves towards the central particle in Fig. 5.48(d), and its morphology
can clearly be seen, revealing it as decahedral in the fivefold axis orientation. In fact, this morphology can be
seen at some points in the series for most of these ‘evasive’ coloured nanoparticles, and close ups are shown
in Fig. 5.50. Particle A is observed to ‘wet’ the surface in Fig. 5.48(e). When coalescence seems inevitable,
particle A then detaches and is seen to move away again in Fig. 5.48(f), where the central particle coalesces
with the large particle to its right, which is similarly in a non-equilibrium state. It may be that this is
because the coalescence event between the two large particles essentially ‘pulls’ the central particle away
from particle A, since the attraction between particle A and the central particle is much weaker than the
attraction between the two larger particles. Also in Fig. 5.48(f), another particle is highlighted in a white
dashed line, again indicating that it is soon to disappear. Rather than coalesce, this particle is observed to
shrink Ostwald ripening, from an initial diameter of 4.5 nm in Fig. 5.48(f) to 3.5 nm in Fig. 5.48(g), the
last micrograph where this particle appears. After Ostwald Ripening, it then is assumed to coalesce with the
particle directly beneath it on a time-scale faster than the acquisition time, demonstrating a mixed Ostwald
ripening and coalescence event. Finally, Fig. 5.48(h) shows the particle landscape some 180 seconds later,
where one can see that the larger particle in the field of view have continued to coalesce with one another,
while the coloured smaller nanoparticles have continued to evade coalescence.
One might be tempted to conclude that the coalescence-resistant particles are on the opposite side of the
a-C foil. However, this is not believed to be the case for two reasons:
1. The field of view becomes more populated as the image series progresses, suggesting that these nanopar-
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ticles are drawn to the site of high beam intensity, and drawn to the other nanoparticles
2. Despite the increasing population density of the particles, none of the coalescence-resistant particles
ever move behind any of the larger particles, they occasionally will ‘wet’ the surface of large nanopar-
ticle, but then will move away again, as if feeling a repulsive force. In other experiments, particles that
are on the other side of the grid have been seen to pass under the nanoparticles on the topmost side
of the grid.
3. The depth of field is expected to be fairly narrow such that a particle on the other side of the grid
would appear out of focus.
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Figure 5.48: Micrographs showing the ability of small nanoparticles to avoid coalescence, taken at (a) 3 s
(b) 630 s (c) 798 s (d) 861 s (e) 918 s (f) 990 s (g) 1092s (h) 1221 s into image series. Experiments are
performed with a current density of 145 pA/cm2 at an accelerating voltage of 200 kV on the Jeol 2100F.
Full microscope conditions can be found in Appendix E.1. Scale bar for all micrographs is 2 nm.
Fig 5.49 show the particles A-F from Fig 5.49. It can be seen clearly that the sizes of the particles say
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approximately constant over the period of imaging.
Figure 5.49: Graph showing the constant sizes with time of small particles throughout the image series in
Fig 5.48.
Fig. 5.50 shows the aforementioned close-ups of the morphology of some of the coloured nanoparticles from
Fig. 5.48, where it is clear that they adopt decahedral morphologies, as indicated by the five-fold axis. The
white dashed particle observed in Fig. 5.48(c) that was seen to coalesce with the larger central particle is
also shown, and an apparent six-fold axis can be seen, coherent with the {111} orientation with the substrate
of an icosahedron. This furthers the theory that icosahedra coalesce/ripen more easily than decahedra.
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Figure 5.50: Close ups showing particle morphologies of some of the particles from the image series in Fig.
5.48, showing (a) the decahedral shape of particle C at 504 s, (b) the decahedral shape of particle F at 582 s
, (c) the icosahedral shape of the white dashed particle indicated in Fig. 5.48(b) at 738 s, (d) the decehedral
shape of particle A at 864 s. Inset into each micrograph are images of the {011} orientations of decahedral
and icosahedral structures. Scale bar for all micrographs is 2 nm
The events of Fig. 5.48 highlight the complexities involved in attempting to define a time scale for coalescence
based on particle equivalent diameters, and also in defining the specific diameters which take part in Ostwald
ripening. In Fig. 5.44, we saw that all diameters below 6.5 nm were seen to Ostwald ripen, which is a
markedly different result. Both series were acquired using the sample, Dep. Ag10nm(2) , although the
two series were taken on different days, with slightly different beam conditions. For Fig. 5.44, the current
density was measured as 132.8 pA/cm2, whereas for Fig. 5.48, the current density was 98.5 pA/cm2, with
both measurements being taken over the large screen, rather than focusing the beam on the smaller screen
as is more correct. The series in Fig. 5.44 was acquired 2 days after the series in Fig. 5.48, and so could
potentially have higher levels of sulphur. This demonstrates that we see drastically different behaviour for
relatively small changes in beam conditions, considering that both series were taken on the same microscope
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with the same accelerating voltage. This highlights the sensitivity of silver nanoparticles to the electron
beam energy.
If one also compares this result with the observed ripening trend for the particle in Fig 5.46, shown in Fig.
5.47, we saw that the particles ripening slowed dramatically at around 3.5 nm, and was not observed to
completely ripen over the 600 s time scale studied, we can say that these results are in agreement, despite
being for different depositions (Dep. Ag(3) and Dep. Ag10nm(2) ) and different beam conditions. In both
results, we see that the coalescence resistant particles adopt a decahedral structure, and these results suggest
that the decahedral composition is extremely resistant to coalescence and further Ostwald ripening.
5.7 Summary
This chapter has attempted to study the coalescence and aging phenomena of silver nanoparticles produced
by a modified IGA method. In doing so various interesting phenomena have been observed.
This chapter begun by studying the size control of silver possible with the quadrupole mass filter, and
looked at the agglomeration effects and how they varied with surface coverage. Silver nanoparticle samples
have been aged, which lead to the observation that silver nanoparticles naturally shed as they age. Glover
et al. provides the most comprehensive explanation for why silver nanoparticles shed [272], and in this
chapter, various experiments have been carried out in order to further the understanding of the shedding
mechanism, and to confirm or refute Glover’s postulates. In particular, this chapter has explored the
dependence of shedding on environmental conditions, for both nanoparticulate and bulk samples, and has
looked at the facet dependence of shedding for bulk samples. In investigating facet dependence, one can
investigate whether the mechanism suggested by Glover et al. holds true, since it is thought to be dependent
on the absorption of oxygen and then water, which is known to be facet dependent. The work of this thesis
is in agreement with Glover’s theory, since higher shedding was observed for (110) crystal facets over (111)
facets, though further work is needed.
Following size control and aging experiments, the morphological dependence of coalescence phenomena has
been investigated, and key findings have been made regarding the influence of stable MTP nanoparticles.
In general, it was found that during both coalescence and Ostwald ripening, particles would transform from
icosahedral to decahedral, at which point they would exhibit increased stability and resistance to further
ripening or coalescence behaviour.
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6.1 Chapter Outline
The claimed ‘wetting’ of silver on gold has been observed by Grouchko et al. [191] as occurring for spheres
on nanorods. Their work involved the use of nanoparticles prepared through wet chemical techniques, and
therefore the samples could have contained contaminants that influenced the wetting mechanism. It is
important to note at the outset of this chapter that gold nanoparticles will not be investigated as rigorously
as silver nanoparticles in Chapter 5, since the scope of this work is not in gold as a material by itself,
but rather its interaction with silver. However, it is important to understand about the behaviour and
coalescence phenomena of gold samples on a-C grids prepared by the UHV nanoparticle deposition system.
This behaviour will be contrasted with the findings for silver, in the hope of understanding the wetting
behaviour more comprehensively.
6.2 Gold Size Control
Several depositions of pure gold were made, to understand the natural agglomeration behaviour of gold
without a TEM beam. Gold is believed to agglomerate readily [234, 235], and it is important to establish
this effect for samples prepared using the deposition system. For the wetting experiments, samples of first
gold, then silver were prepared. It was important to establish parameters such as an ideal surface coverage
where gold-gold agglomeration would be minimised. We also want to minimise the likelihood of gold-silver
agglomeration before in-beam agglomeration by the microscope, since gold and silver have very similar lattice
parameters, the only way to tell them apart in TEM is either by EDX, which for the Jeol 2100F requires large
surface coverages (not ideal), or via mass-thickness contrast differences, since gold is far heavier than silver
and so appears darker in BF-TEM. Since there are many contrast mechanisms in BF-TEM, this method
of distinguishing particles is somewhat limited and future work would include Super EDX on this particle
system.
Figure. 6.1 shows the TEM micrographs of several samples prepared by the deposition system, using different
mass filter sizes. The experimental conditions for these depositions are given in Section 3.4. To look at the
variation in equivalent diameter for each filtered size, histograms were produced for each micrograph, by
using the process described in Section 3.6.2 to analyse particles. Fig. 6.1 also shows mass filter spectra for
each particle equivalent diameter. If this is compared with the equivalent images for silver deposition in
Section 5.1, it can be seen the mass filter flux is approximately 1 order of magnitude lower for gold than for
silver. As a result, depositions are more challenging, since the magnetron sputtering source is depleted at a
149
Chapter 6. Wetting of Silver on Gold
similar rate for both gold and silver depositions, yet longer depositions are required for gold (see Section 3.4
and Section 3.3 for deposition times). Since for longer depositions, the mass filter signal is comparatively less
stable over the course of deposition, there is less control of surface coverage available with gold depositions
than silver depositions.
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
(m) (n) (o)
Figure 6.1: TEM micrographs of various depositions of gold, for filter sizes (a) 1.1 nm (Dep. Au1.1nm )
with (b) accompanying histogram and (c) mass filter spectrum, (d) 2 nm (Dep. Au2nm ) with (e) associated
histogram and (f) mass filter spectrum, (g) 4 nm (Dep. Au4nm ) with (h) associated histogram and (i) mass
filter spectrum, (j) 8 nm (Dep. Au6nm ) with (k) associated histogram and (l) mass filter spectrum, (m)
and 7 nm (Dep. Au7nm ) with (n) associated histogram and (o) mass filter spectrum. Scale bar is 20 nm
for all micrographs.
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The average equivalent diameters at each filtered size were calculated and compared with the filtered size,
this is shown in Fig 6.1.
Table 6.1: Measured particle equivalent diameters of silver nanoparticles are contrasted to the filtered particle
diameters. Errors in the equivalent diameters are the standard deviations
Deposition Mass filtered
diameter, nm
Measured
diameter, nm
Dep. Au1.1nm 1.1 2 ± 1 nm
Dep. Au2nm 2 2 ± 1 nm
Dep. Au4nm 4 4 ± 1 nm
Dep. Au6nm 6 6 ± 3 nm
Dep. Au7nm 7 12 ± 5 nm
In Chapter 5, Section 5.2, the relationship between the mass filtering size and the apparent particle equiva-
lent diameter in TEM was investigated for silver, together with the relationship between apparent particle
diameter and surface coverage, which tells us something about the agglomeration behaviour of the metal.
These results are shown in Figs. 5.2 and 5.3.
The equivalent trends for gold are shown in 6.2 and 6.3. Importantly, since not nearly as many gold
depositions were performed as silver depositions, Fig. 6.3 is not completely analogous to Fig. 5.3, since
Fig 5.3 featured exclusively 4 nm size filtered particles, as the data was not available to do the same for
gold. However, if one observes Fig. 6.2, one sees that there is actually a much better linear fit for gold than
for silver (Fig. 5.2). This suggests that agglomeration is not as prolific for gold as it is for silver, which
may go against conventional theory which suggests gold is very agglomerative [234]. However, one cannot
exclude that the surface coverages for gold are generally lower than for silver, so this data is not completely
conclusive. TEM studies of gold-gold coalescence later in this chapter will further this conclusion.
Figure 6.2: Graph showing the variation in apparent particle diameter with mass filter size for the micro-
graphs shown in Fig. 6.1. Error is the standard deviation.
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Figure 6.3: Graph showing the variation in surface coverage with the apparent particle diameter observed
in the TEM micrographs of Fig. 6.1. Error is propagated from the error in particle size measurement.
6.3 Aging of Gold
Two of the gold samples were aged for 4.3 weeks in ambient conditions and compared with the original
TEM micrographs from Fig. 6.1, to aid further understanding of the natural agglomeration behaviour of
gold. The samples chosen for aging investigations were Dep. Au6nm and Dep. Au7nm , since these were
the largest nanoparticle equivalent diameters investigated and hence most likely to display some observable
change. Dep. Au7nm also had a significantly higher surface coverage than all other samples studied and
was therefore thought to be more likely to be prone to further agglomeration with age.
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(a) (b)
(c) (d)
Figure 6.4: Micrographs of Dep. Au6nm (a) as deposited and (b) after 4.3 weeks of ambient aging, and
histograms of size distribution 6.4(c) as deposited and (d) 4.3 weeks after deposition. Scale bar is 20 nm for
both micrographs.
The average particle equivalent diameter for the as deposited and aged nanoparticles in Fig 6.4 is 6 nm, it
would seem that Dep. Au6nm has undergone no further growth in a 4.3 week period, nor exhibited any
shedding effects. This might have been predicted since surface coverage is very low, so one would not expect
the particles to agglomerate with their neighbours, however, it also means gold has not interacted with any
contaminants over this time, which again might be expected since gold is a noble metal.
Dep. Au7nm was a higher surface coverage deposition, where the high surface coverage lead to an increase
in apparent particle size versus filtered size from 7 nm to 12 nm via agglomeration. Fig 6.5 shows how this
sample aged over 4.3 weeks.
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(a) (b)
(c) (d)
Figure 6.5: Micrographs of Dep. Au7nm (a) as deposited and (b) after 4.3 weeks of ambient aging, and
histograms of size distribution 6.5(c) as deposited and (d) 4.3 weeks after deposition. Scale bar is 20 nm for
both micrographs.
The histogram in Fig 6.5(d) shows an average size distribution for the aged particles of 12 ± 4 nm, we
therefore see that even for the high surface coverage sample of Dep. Au7nm , no overall particle growth was
seen for 4.3 weeks of aging in ambient conditions. This suggests that natural coalescence, if it does occur at
all for gold, occurs on a much slower time scale than for silver. This is potentially beneficial for gold-silver
wetting experiments.
6.4 Coalescence of Pure Gold under the Electron Beam
A sample with reasonably high surface coverage (Dep. Au7nm ) was chosen for coalescence investigations,
which meant there was plenty of gold particles in positions close to one another, as well as a variety of
particle equivalent diameters and shapes available for potential coalescence events.
6.4.1 Typical Coalescence Behaviour of Gold
Fig. 6.6 displays micrographs taken at different time intervals during a typical coalescence event occurring
between two neighbouring gold particles, each of approximately 7 nm in diameter. The image series was
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performed on Dep. Au7nm , and can be found in Appendix D, listed as Video 13. Fig 6.6(a) shows the
particles before coalescence occurs. In this micrograph, both particles are likely to be either decahedra or
icosahedra, however their facets are not completely defined, possibly due to distortions in particle shapes
due to the initial closeness of the pair of particles. The micrographs are also obtained using the Jeol 2100F,
and hence there will always be some aberrations compared to Titan images, and hence morphology is more
difficult to identify. In Fig 6.6(b), the particles coalescence has begun and the growth of neck has started.
It is also clear that the upper particle is engaged in another coalescence event. The particle is still at the
neck formation stage in 6.6(c), some 33 seconds later. This presents a slower coalescence than would be
expected for silver particles of this equivalent diameter, where coalescence usually proceeds quickly after
first contact is made. The beam conditions used to study gold and silver are very similar (see Appendix
E.1), and therefore this would not explain the slower coalescence behaviour. In Fig 6.6(d), the coalescing
particles have attracted more neighbouring particles to take part in coalescence. While the neck continues
to grow, there is little observed reshaping of the participating particle to obtain equilibrium, as is often seen
for silver. It seems that unlike for silver, for gold, the attraction of neighbouring particles occurs on a faster
timescale than coalescence itself, which is not as true for silver in most instances.
(a) (b)
(c) (d)
Figure 6.6: The coalescence of two 7 diameter particles, at times of (a) 0 s (b) 30 s (c) 66 s and (d) 75 s.
Experiments are performed with a current density of 135 pA/cm2at an accelerating voltage of 200 kV on
the Jeol 2100F. Full microscope conditions can be found in Appendix E.1. Scale bar for all micrographs is
2 nm
Fig. 6.7 shows the coalescence of a pair of what appears to be decahedra (full series shown in Video 14,
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Appendix D). This is interesting as other gold coalescence events have tended to feature shapes that are
not so clearly in equilibrium. The topmost particle in Fig. 6.7(a) appears to be quite clearly a decahedron
in the {011} orientation with the substrate, with the fivefold axis indicated by the white dashed lines. One
can also state with some certainty that the particle is a Marks decahedron, as bowing can be seen near the
axes consistent with what one would expect in this orientation. It is thought that the lower particle is also
a decahedron in the {111} or {112} orientations, as indicated by the white lines in Fig. 6.7(b). However it
can be seen that the edges of the particle are not well defined facets, nor in a shape one might expect in a
Marks decahedron. Facets appear curved and distorted, signifying that the particle is in a highly stressed
state. Since imaging starts at a point where the particles are already near contact with one another, it is
unclear whether this stressed state is induced by the presence of the neighbouring particle, or whether it was
never in an equilibrium shape before. In Fig. 6.7(c), it can be seen that both shapes lose their definition, but
there is clear faceting in the neck region, indicated by the red dashed circle. In (d), the particles have still
not reached equilibrium, yet some new facets begin to form over the new particle, suggesting a re-ordering
in an attempt to reach equilibrium.
(a) (b)
(c) (d)
Figure 6.7: Micrographs showing coalescence of a pair of gold decahedra after (a) 3 s, (b) 45 s, (c) 72 s, (d)
114 s. Experiments are performed with a current density of 135 pA/cm2at an accelerating voltage of 200
kV on the Jeol 2100F. Full microscope conditions can be found in Appendix E.1. Scale bar is 2 nm for all
micrographs.
Fig. 6.8 shows the coalescence of two pairs of coalescing nanoparticles from Dep. Au7nm . The full series
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can be found in Video 15, Appendix D. The particles of interest are highlighted by the red dashed box in
(a). The particles are all between 6 and 7 nm in diameter (individually). The entire image series from (a) to
(f) takes place over 1380 seconds of imaging. From this it is immediately evident that the timescale for gold
coalescence is, as previously postulated, much longer than that for silver. In Fig. 6.8(f) we see that even after
1080 seconds since contact was first made between the two pairs of coalescing nanoparticles (Fig. 6.8(c)),
the shapes have not reached equilibrium. Coalescence appears to proceed by the migration of particles into
the neck region, which becomes gradually larger between Fig. 6.8(c) and (d). There is no other noticeable
restructuring behaviour observed, as was the case for silver, which may explain why coalescence is so much
slower for gold. In gold, the bond dissociation energy or bond strength, η is 226 kJ/mol, in silver this is
160 kJ/mol. For gold, restructuring, which involves the breaking and formation of bonds, is therefore much
more energetically expensive. If coalescence is mediated by the electron beam, the same dosage of electrons
is going to be able to break and form far more silver bonds than gold bonds, and so silver coalescence should
proceed faster. In Fig. 6.8, we have a large field of view for the course of coalescence, and can observe other
nanoparticles in addition to those that are coalescing. Notable is the absence of behaviour such as Ostwald
ripening, which is thought to speed up coalescence processes for silver.
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(a) (b)
(c) (d)
(e) (f)
Figure 6.8: Micrographs of the coalescence of two pairs of gold nanoparticles from Dep. Au7nm , after (a) 3
s, (b) 75 s, (c) 333 s, (d) 741 s, (e) 1188 s and (f) 1292 s. Experiments are performed with a current density
of 135 pA/cm2at an accelerating voltage of 200 kV on the Jeol 2100F. Full microscope conditions can be
found in Appendix E.1. Scale bar on all micrographs is 2 nm.
6.4.2 Other Unusual Phenomena
The micrographs in Fig. 6.9 show a most interesting phenomena observed in Dep. Au7nm ; that of (a)
a large group of particles seemingly ejecting a 2 nm particle , which then (b) migrates across the grid to
interact with a larger 9 nm particle, which (c)- (g) it then passes through and (h) continues moving across
the grid. The full series for this is shown in Video 16, Appendix D. The simplest argument to explain this
behaviour is that the particle must be on the other side of the grid. Due to the thickness of the grid (∼60 nm
for a-C), one might expect the particle to be non-interacting. But this cannot be so easily dismissed when
studying the micrographs. Firstly, note that the larger nanoparticle is of an unusual shape, which irregular
faceting and edges, as indicated by the white dashed lines in (b). Therefore it is in a non-equilibrium state
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and is presumably seeking to lower its total energy. Also in this image we see that two nanoparticles are
expelled from the large particle on the right, and while we follow the trace of the larger nanoparticle, the
second smaller nanoparticle indicated in (b) is not seen again, suggesting interactions with the larger particle
halt its progression. In (c), there is a noticeable change in contrast where the large particle appears to be
responding to the presence of the smaller particle. There is also a noticeable necking region upon contact,
though this could be attributed to delocalisation. As the 2 nm particle traverses through the larger particle,
it changes direction approximately half way, responding to either variations in a-C grid height, orientation
changes, or interactions with the larger nanoparticle. The progress of the 2 nm particle with time is plotted in
Fig. 6.10. Key is that there is an observable bump in the graph, which corresponds to the time between Fig.
6.9(e) and (f). It is possible that the nanoparticle is able to move faster in certain crystal lattice directions
due to channelling, and a change in orientation relative to the larger particle disrupts its movement at this
point, however it is also possible the particle simply reaches a defect on the a-C foil. Upon the smaller
nanoparticles exit in Fig. 6.9(g), the larger particle experiences some distortions to its edges, and its left
with some unusual features indicated by black dashed lines in Fig. 6.9(h)
This phenomenon, while rarely seen, has been observed on more than one occasion for more than one sample,
and has only been observed for gold. This behaviour highlights the complexity of coalescence studies with
any metal, since each metal can exhibit behaviour which merits further detailed study. If the smaller particle
is on the other side of the grid to the larger particle, then it showcases the ability for nanoparticles to interact
over what is relatively large distances, which is in agreement which is what is seen in many of the results for
both silver and gold.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 6.9: Micrographs showing (a) at 255 s the emergence of a 2 nm nanoparticle form a large cluster on
the left of the micrograph, (b) the progression across the foil towards the 9 nm particle at 279 s, (c) contact
at 309 s, (d) a directional change at 354 s, (e) 384 s, (f) 408 s, (g) 432 s, particle escape (h) the newly escaped
particle at 570 s. Experiments are performed with a current density of 135 pA/cm2at an accelerating voltage
of 200 kV on the Jeol 2100F. Full microscope conditions can be found in Appendix E.1. All scale bars are 2
nm.
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Figure 6.10: Graph to show the speed of the small highly mobile particle as it passes through the larger par-
ticle in Fig 6.9. The error bars describe the error associated with measuring the position of the nanoparticle,
with a high error when the small particle passes through the larger particle.
Fig. 6.11 shows some select micrographs from another series of TEM acquisitions on gold. In this case,
the nanoparticles are from another deposition that was studied, Dep. Au . The full series can be found in
D, Video 17. Over the course of 363 seconds, particle II (indicated in Fig. 6.11(a)) is observed to ‘swing
round’ from the right to the left, as well as gradually moving towards a more spherical shape. Initially one
might think that this is a case of ‘anti-coalescence’, where particle II appears to not express interest with
coalescing with either particle I or particle IV. However, when we consider that there is a particle III, that
appears to be non-interacting with particle II, it seems likely that particle II is actually on the other side
of the a-C foil. However, this does not mean that it is non-interacting, as we saw for Fig. 6.9 it seems
particles may interact through the a-C foil. The nanoparticles may be interacting through electrostatic
forces, as has been previously seen for gold nanoparticles [278, 279]. This cannot however be concluded
purely from this set of micrographs, as it as been seen so far in this work that it is non-trivial to separate
the effects of different inter-particle forces and assign responsibility to a single mechanism for a particular
set of nanoparticle movements.
The coalescence of particle II to the region of particle underneath particle III is also interesting in that clear
faceting is seen during the growth of the neck. The growth once again appears on a much slower timescale
than silver, and it is believed that this is what gives the nanoparticles time to form a well-ordered neck with
less facets. In Fig. 6.11(b), we see that the neck appears to be constructed of a single twin boundary. One
can make a tentative conclusion that the slow time frame of neck evolution, compared with silver, allows the
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formation of highly ordered necks via surface diffusion from the participating nanoparticles.
I 
II
III
IV
(a) (b)
(c) (d)
Figure 6.11: Micrographs showing the rotation of gold particles under the beam, after (a) 15 s, (b) 165 s,
(c) 255 s, (d) 363 s of imaging time. Experiments are performed with a current density of 160 pA/cm2at an
accelerating voltage of 200 kV on the Jeol 2100F. Full microscope conditions can be found in Appendix E.1.
Scale bar for all micrographs is 2 nm.
The rotation of particle II is not the only interesting phenomenon at work in this set of micrographs. The
readers’ attention should now be drawn to particle I, which is seen to be in a state of equilibrium in Fig.
6.11(a), but then undergoes what appears to be a gradual rotation throughout the series. This is interesting
as it has been predicted that there are several ‘allowed’ orientations with the grid, where the particle should
remain in equilibrium [164]. It would seem that the beam gives the particle enough energy to disrupt its
equilibrium with the substrate, and it then rotates. This is seen in Fig. 6.12, which shows FFT analysis for
the micrographs in Fig. 6.11(a) and (d). It is evident from these FFTs that in Fig. 6.11(a), the particle
is in the 〈111〉 orientation, and in Fig. 6.11(d), it is in the 〈112〉) orientation. The particle is in the 〈111〉
orientation between 1 s and 33 s, and then it is in an indeterminable position until 267 s, where it remains
until the end of the image series at 441 s.
163
Chapter 6. Wetting of Silver on Gold
200
(a)
200
(b)
Figure 6.12: FFTs of particle “I” from Fig. 6.11, at (a) 15 s (from Fig. 6.11(a)) and at (b) 363 s (from Fig.
6.11(d))
6.5 Gold-Silver Wetting
As described in Chapter 3, Section 3.4.1, samples were prepared for gold-silver wetting experiments, to
investigate the behaviour first observed by Grouchko et al. [191]. Dep. AgAu1 was used as the gold
deposition on which further silver nanoparticles were deposited. A low magnification micrograph of the
particle landscape of this deposition is shown in Fig. 6.13. This particular deposition is considered to be
ideal as the surface coverage is high enough to ensure that gold and silver nanoparticles will be in close
enough proximity to interact, yet not so high as to make gold-gold coalescence over-likely. The subsequent
silver depositions performed on-top of substrates taken from Dep. AgAu1 are shown in Fig 6.14. Dep.
AgAu2 was seen to have fairly low levels of silver, whereas Dep. AgAu3 has approximately similar levels of
silver to gold. The identification of the silver and gold particles is made by observing the particles, rather
than lattice analysis, since gold is approximately twice as heavy as silver, but the two metals have very
similar lattices, being both FCC and with lattice constants of 4.08 and 4.09 A˚ respectively.
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(a) (b)
Figure 6.13: (a) TEM micrograph and (b) histogram of gold nanoparticles deposited for gold-silver wetting
experiments, specifically Dep. AgAu1 . Scale bar is 50 nm.
(a) (b)
(c) (d)
Figure 6.14: TEM micrographs of silver deposited ontop of gold for gold-silver wetting experiments, depicting
(a) Dep. AgAu2 and (c) Dep. AgAu3 . Both depositions were performed onto foils from Dep. AgAu1 .
Scale bars are 50 nm
Table 6.2 shows the equivalent particle diameters and surface coverages for Dep. AgAu1 , Dep. AgAu2 and
Dep. AgAu3 . What is clear that is there is an increase in surface coverage for both Dep. AgAu2 and Dep.
AgAu3 . For Dep. AgAu2 the increase in surface coverage is slight and the errors with Dep. AgAu1 overlap
slightly. The particles are also the same apparent size. It is therefore not possible to say for certain whether
silver has been successfully deposited without further experimental confirmation. However, for Dep. AgAu3
, there is a clear increase in surface coverage. From Table 6.2, the approximate ratios of Ag:Au are 2:5 for
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Dep. AgAu2 , and 12:5 for Dep. AgAu3 .
Table 6.2: Equivalent particle diameters and surface coverages for Dep. AgAu1 ; the gold deposition used
for gold-silver wetting depositions, and for Dep. AgAu2 and Dep. AgAu3 ; the silver depositions carried out
over Dep. AgAu1 . The error in the particle equivalent diameters is the standard deviation, and the error
in surface coverage is calculated from propagation of errors in particle equivalent diameters.
Deposition Particle Equivalent
Diameter, nm
Surface Coverage, %
Dep. AgAu1 9 ± 2 5 ± 1
Dep. AgAu2 9 ± 3 7 ± 2
Dep. AgAu3 11 ± 4 17 ± 5
To quantify the levels of silver compared to gold in each sample, and confirm the presence of both, since
there are many competing effects that can lead to variations in contrast, EDX spectroscopy was performed
on both samples. These are shown in Figs 6.15.
Figure 6.15: EDX on mixed gold and silver samples shown in Fig 6.14, specifically Dep. AgAu2 and Dep.
AgAu3 . Results are normalised using the gold peak, since the amount of gold should be constant for both
samples.
From the EDX acquisitions the quantification of elements by At. % was found and is shown in Table 6.3.
Since the atomic weights of gold and silver are so very similar, these figures should give an interesting
comparison by visual inspection. The result of this was an approximate 1:5 Ag:Au ratio for Dep. AgAu2 ,
and a 4:3 Ag:Au ratio for Dep. AgAu3 . Both EDX results give estimates of half the amount of silver for
what was calculated using Table 6.2. There is sufficient uncertainty in both types of measurements. EDX
comes with error as discussed in Section 2.4.7, which is increased for such low concentrations of elements as
in Table 6.3, and the error in calculating surface coverages is as high as 41% as shown in Table 6.2.
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Table 6.3: Elemental quantification of Dep. AgAu2 and Dep. AgAu3 from EDX data shown in 6.15
Element At % for Dep.
AgAu2
At% for Dep.
AgAu3
Au 0.75 1.42
Ag 0.14 2.02
Figs. 6.16 and 6.17 show a series of micrographs on a gold and silver particle from Dep. AgAu3 during their
coalescence. The full series is given in Video 18, Appendix D. The silver particle is shaded in blue and the
gold particle in yellow to highlight the behaviour observed. These micrographs, taken over a period of 1980
seconds of constant acquisition, have been selected to show behaviour that was consistently observed with
the gold and silver sample.
Initially, we see in Fig. 6.16(a) that the gold particle is in the 3-fold {111} orientation with the substrate
that has been previously observed for gold in this chapter (see Fig. 6.11). The silver, however is in a
non-equilibrium shape. We therefore can note that for the initial nanoparticles, the gold nanoparticle is in
a stable configuration, whereas the silver is not. The initial gap between the nanoparticles is 3 nm.
Figs 6.16(b) and (c) are taken 4 seconds apart, before and after the coalescence event, respectively. In Fig.
6.16(b) we see that the gap between the particles has been closed to just over 1 nm, and the a-C grid between
the two particles appears a little darker, suggesting that some material has already formed a bridge, yet it
is not crystalline at this point. The gold particle remains largely unchanged, but significant restructuring
is observed in the silver particle. In Fig. 6.16(a) the silver particle is approximately oval in shape, but in
Fig. 6.16(b) it can be seen that the particle has shifted much of its substance downwards, to form an egg
shape with the mass concentrated in a circular region adjacent to the gold nanoparticle. This is believed to
be exhibiting the ‘pulling up’ behaviour that Grouchko et al. describes in [191], however it is interesting to
note that this behaviour occurs before contact, whereas the work of Grouchko does not consider pre-contact
behaviour.
In Fig. 6.16(c), the neck between the two particles is formed. It can be seen that much of the neck appears
to be made up of the lower contrast silver material, and is apparently not crystalline on the silver side of
the gold-silver interface. On the gold side of the interface, the neck is not only crystalline but also the gold
has still retained its icosahedral morphology, and has shown no rotation relative to the substrate as a result
of the interaction. The majority of coalescence movement in the early stages of neck formation therefore
appears to be done by silver, however, the initial neck diameter is approximately the length of a single (111)
edge of the gold decahedron, and the edge in equation appears to have stretched relative to the other 5 {111}
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facets. If the edges are measured, the edge interacting with the silver nanoparticle measures 5 nm, whereas
all other facets measure as 4.2 nm, suggesting an appreciable, but slight, stretching of this edge. Not only
is this edge wider, it is also further displaced from the center of the gold nanoparticle, i.e the 3-fold axis
where the {111} facets co-join. It measures 4.8 nm from the center of the nanoparticle to the gold-silver
interface, whereas the other facet edges are all 4.2 nm from the center (with a measurement error of ±0.1 nm
applying to all such measurements). One can therefore say that the gold appears to be forming part of the
neck region, but the deviation from symmetry will be causing significant strain in the icosahedral particle,
and hence it is ‘easier’ for the non-equilibrium silver to form the majority of the neck.
In Fig 6.16(d), we see a greater deviation from equilibrium of the gold icosahedron at the gold silver neck
interface, signifying a strengthening of the interaction between the two at the neck region. We also see the
beginning of the wetting behaviour observed by Grouchko et al. [191]. However, it must be remarked that
the participation of the gold particle in the necking region is in contrast to what Grouchko et al. suggested
in their findings, in which it was observed that gold was unaffected and did not take part in coalescence.
We also see that the silver shape has further deformed to be closer to the gold decahedra in the ‘pulling up’
process that Grouchko et al. described.
In Fig. 6.16(e), the silver particle is approximately spherical in shape (other than at the coalescence border,
and the wetting of the gold decahedron continues, however the gold decahedron continues to deform slightly
and interact with the silver at the interface. A continuation of the same is seen in Fig. 6.16(f).
In Fig. 6.17(g), the silver has wet the gold such that the gold is almost entirely encased. However, the gold
decahedron itself no longer appears to be deformed or stretched at the neck region. Perhaps this is because
the neck region no longer exists on a single facet, so the strain of the gold-silver interface is more balanced
as it occurs on 5 out of 7 edges in the 6-fold {111} orientation with the substrate. The forces ‘pulling’ at
the gold decahedron are therefore balanced and it can return to a position that resembles equilibrium.
Once the gold is fully wet, as in Figs 6.17(h) and 6.17(i), the silver no longer seems interested in moving
to encase the gold decahedron more uniformly, instead, it starts a gradual clockwise rotation. This could
be due to substrate degradation effectively pulling the silver to a new position (1380 seconds of imaging
will severely degrade an a-C foil in most instances), or it could be indicative that the silver and gold have
reached some sort of equilibrium once the gold is fully wetted and that further transferral of atoms to
surround the gold is not energetically favourable. Grouchko et al. discuss the idea of cohesive energy in gold
and silver nanoparticles [191], and point out that there is 0.34 eV of cohesive energy to gain by forming
Ag-Au bonds over Ag-Ag bonds, per particle pair. These findings therefore suggest that once Ag-Au bonds
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are formed, the silver particle can no longer gain cohesive energy by the moving of material to further
encase the gold decahedron, and hence surface diffusion of atoms from the silver particle to the gold particle
becomes unfavourable, and the silver particle instead attempts to reduce surface energy by reforming into
an approximately spherical shape.
(a) (b)
(c) (d)
(e) (f)
Figure 6.16: TEM micrographs taken from an image series depicting the wetting of a silver nanoparticle on
gold, after (a) 24 s, (b) 432 s, (c) 436 s, (d) 452, (e) 556 s, (f) 920 s of imaging time. The gold particle is
shown in yellow and the silver particle is shown in blue. Experiments are performed with a current density
of 170 pA/cm2at an accelerating voltage of 200 kV on the Jeol 2100F. Full microscope conditions can be
found in Appendix E.1. Scale bar for all micrographs is 2 nm. Series is continued in Fig. 6.17.
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(g) (h)
(i)
Figure 6.17: Fig. 6.16 continued, showing micrographs at (g) 1312 s, (h) 1648 s, (i) 1972 s. The gold particle
is shown in yellow and the silver particle is shown in blue. Experiments are performed with a current density
of 170 pA/cm2at an accelerating voltage of 200 kV on the Jeol 2100F. Full microscope conditions can be
found in Appendix E.1. Scale bar is 2 nm for all micrographs.
Figures 6.16 and 6.17 show the wetting of a large silver nanoparticle on a smaller gold nanoparticle. The
full series can be found in Video 19, D. The silver initially has a non-equilibration shape and the gold has
an icosahedral structure. Grouchko et al. showed in their study that the wetting of silver on gold occurred
regardless of which was larger out of gold and silver. However in the study by Grouchko et al. both particles
in all interactions had equilibrated shapes. In Fig. 6.18 a new case is presented; that of a silver particle
in equilibrium, and two coalescing gold particles that are not in equilibrium. This provided the chance to
study to what degree silver was ‘softer’ than gold, i.e would it abandon an equilibrium structure to wet
golds particle that were in a non-equilibrated structure? In Fig. 6.18 it is clear the answer is yes. One must
obviously consider the driving force on the silver to lower its energy by coalescing with a larger particle;
however, with silver coalescence we see a tendency of the particles to maintain faceting at the neck interface,
by maintaining their crystalline structure as long as possible and melting on the opposite side of the particle
to the neck region, in order to stay highly faceted at the interface. Therefore, if silver is to wet the surface
of gold, it is going to take significantly more energy than a simple silver-silver coalescence where facets are
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maintained until the particle is small enough that destruction of the facets does not present a significant
energy cost.
In Fig. 6.18(a) it can be seen that the 8 nm silver particle is initially in a state of equilibrium, where a
five-fold axis can be seen. The silver nanoparticle appears to be decahedral in morphology, whereas the
morphology of the two gold nanoparticles is unclear initially. In Fig. 6.18(b) the 3-fold axis of the right hand
particle can be seen, identifying it as icosahedral. There also appears to be facets in the neck region that are
separate from both particles. The silver particle has gravitated towards the gold nanoparticles. Unlike with
silver coalescence, there is no formation of new facets prior to contact; the silver particle does not extrude
towards the gold at any point in its approach. In Fig. 6.18(c) the silver particle makes contact with the
gold nanoparticles and its structure is distorted upon contact. The structure of both gold nanoparticle can
be seen clearly and it becomes clear that they are coalescing at a {111} edge. The neck region develops
slowly, and no deviation from equilibrium is seen on either of the two gold nanoparticles. It appears that the
neck region may consist of growing {111} facets above and below the central join. In Fig. 6.18(d)-(f) the
silver particle is observed to wet the gold surface over a time period of 180 seconds before the silver particle
is totally wrapping the surface in Fig. 6.18(g). Towards the latter stages of wetting, much of the lattice
definition of the gold nanoparticles is temporarily obscured. Once the silver has fully wetted the surface
of gold in Fig. 6.18(g), it is observed to sharply rotate by 12o clockwise (measured by approximating the
silver shape to a sphere, and then looking at the distance of the centre of the silver sphere from a vertical
line drawn across the micrograph intersecting the centre of the fivefold twin of the gold nanoparticle), and
the lattice contrast in the gold nanoparticles can once again be seen. The gold is also observed to rotate
clockwise by 3o (from measuring relative positions of twin edges) from the point of contact with silver in
Fig. 6.18(c) until fully wet in Fig. 6.18(g). It is thought that the wetting of the surface of gold with silver
imparts upon the particle the mobility of silver on the a-C foil, and screens the strong interaction of gold
with the a-C foil.
Over the course of the series, the coalescence of the two gold particles is seen to proceed very little, showing
that the time scale for gold-silver wetting is far shorter than the time scale for gold-gold coalescence. The
entire micrograph series occurs over 1860 seconds. While direct comparisons are not always trivial with
coalescence, since faceting and particle equivalent diameter are known to be important, we can compare
basic overall time scales. If we compare the series in Fig. 6.18 with , for example, the events of Fig. 5.37
in Section 5.6, which involves a 7 nm and 10 nm silver particle, the total time scale is over a total of 1
minute and 30 seconds, with an initial separation of 1.5 nm. When comparing this with the gold-silver
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coalescence, we see that the two events are on completely different time scales. Furthermore, if we compare
Fig. 6.18 with Fig. 6.8, whereby two pairs of ∼ 7 nm diameter particle are coalescing, we see that the entire
coalescence event takes place over 1260 seconds, and at the end of the series both pairs of particles have
not only coalesced but have nearly reached an equilibrium shape. Now, even if we were to make arguments
that the facets arrangements are different and hence coalescence behaves differently, the coalescence event
has hardly progressed over this time, and so it is thought this series may suggest that the wetting of silver
on gold prevents the coalescence of gold on gold.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 6.18: Wetting of an 8 nm diameter equilibrated silver nanoparticle with two coalescing 8 nm gold
particles. Micrographs are from Dep. AgAu2 and are taken at (a) 4 s, (b) 1132 s, (c) 1132 s, (d) 1204 s,
(e) 1284 s, (f) 1404 s, (g) 1688 s, (h) 1856 s into the series. The silver nanoparticle is shaded blue and the
gold nanoparticle is shaded yellow. Experiments are performed with a current density of 160 pA/cm2at an
accelerating voltage of 200 kV on the Jeol 2100F. Full microscope conditions can be found in Appendix E.1.
Scale bar for all micrographs is 2 nm.
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6.5.1 Mixed Wetting and Ostwald Ripening
In Section 5.6.3, it was observed that both Ostwald ripening and coalescence could happen under the same
beam conditions for particles of similar diameters, and that shape was seen to be an important factor in
determining the process. For gold and silver wetting experiments, a similar effect was seen, whereby particles
both Ostwald ripened and wet the surface. Fig 6.19 shows a series of micrographs where a 6 nm silver particle
and 7 nm gold particle (from Dep. AgAu2 ) interact. The full series is shown in Video 20, Appendix D. In
this series, it is observed that the smaller silver particle appears to decrease in area before wetting the surface
of the gold nanoparticle, whereas the gold nanoparticle gains in area, suggesting it is accreting material from
the gold particle, despite being very similar in diameter.
In Fig. 6.19(a) we see that the gold particle (yellow) is initially in a 3-fold axis orientation with the substrate,
signifying icosahedral morphology. There are two silver particles (blue) in the field of view, but this discussion
will concentrate mostly on the leftmost silver particle. The right hand particle merely provides a point of
overall reference, as if one studies the entire series one can see that both silver nanoparticles appear to
gravitate towards the gold nanoparticle, rather than the gold nanoparticle moving towards one of the silver
nanoparticles. This shows the increased mobility of silver as opposed to gold on a-C foils. The leftmost
silver particle also appears to have icosahedral morphology, and is in an apparent {111} orientation with the
substrate.
In Fig. 6.19(b), it can be seen that the silver particle has reduced in diameter to 5 nm, and assumed a
decahedral morphology. In Fig. 6.19(c) it retains this morphology while making contact with the surface of
gold, and further ripening has occurred. The silver particle loses its morphology as the wetting of the surface
progresses in Fig. 6.19(d)-(e), and adopts what appears to be a single crystalline structure. The particle
continues to lose mass and as it loses mass it is observed to ‘creep’ over the edge of the gold nanoparticle in
an upward motion, crossing over a facet edge between Fig 6.19(f) and (g), before finally being completely
absorbed into the gold particle in Fig. 6.19(h). The gold nanoparticle is observed to gain 1 nm in diameter
over the course of the series. It is not clear whether this extra material is accreted as a core-shell, or alloyed
into the structure of the gold, since the Fresnel fringes on the edges of the gold particle obscure any shell
region.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 6.19: Micrographs from a series showing the combined Ostwald ripening and surface wetting of silver
onto gold for Dep. AgAu2 . Micrographs are taken at (a) 8 s, (b) 412 s, (c) 740 s, (d) 760 s, (e) 852 s, (f)
888 s, (g) 1004 s, (h) 1064 s. The gold particle is shaded yellow and the silver particles are shaded blue in
all micrographs. Scale bar for all micrographs is 2 nm.
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6.6 Summary
Silver and gold nanoparticles have been deposited onto a-C substrates together, to attempt to study the
‘wetting’ behaviour observed by Grouchko et al. [191]. In order to do this systematically, this chapter
first analysed the behaviour of gold nanoparticles on a-C grids, and compared this to the results for silver
nanoparticles, given in chapter 5. It was observed that the coalescence of gold nanoparticles proceeded much
slower than silver nanoparticles under similar electron beam conditions, and that the coalescence behaviour
in general was seen to be more complex than for silver. It was thought that the slower time scale for
coalescence meant that competing beam-induced effects could be more commonly observed.
Wetting of silver onto gold nanoparticles was observed for several nanoparticle pairs. Particular focus was
given to the behaviour of nanoparticles before coalescence, which enabled the observation of Ostwald ripening
behaviour occurring in addition to the wetting phenomenon. Micrographs taken were in higher magnification
than those studied by Grouchko et al. , which enabled a more thorough study of the gold-silver interface, in
which case interesting effects such as the distortion of the gold surface facets were observed.
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7.1 Chapter Outline
This chapter will explore the creation of nickel nanoparticles. The UHV nanoparticle deposition system
can produce very pure un-oxidised samples, which is a rare capability in that most syntheses involving
the production of nickel result in oxidised samples [199, 201, 204, 206]. If samples can be kept oxide free,
then studying the bare nanoparticles in TEM is an excellent characterisation opportunity to explore their
fundamental behaviour. In this chapter we will see that the attempted creations of nickel-titanium and
nickel-silver alloys will lead to the creation of nickel nanocubes, a highly un-anticipated and exceptionally
interesting result. The formation of such a structure is rare without the presence of capping agents or reactive
gases [130]. This chapter will attempt to discover how and why these particles were created, and use them
as a conduit to discovering more information about the oxidation of nickel nanoparticles.
7.2 Nickel Nanoparticles
Pure nickel nanoparticles are normally approximately spherical in shape [81,144], and are able to agglomerate
with their neighbours [141], although agglomeration is not as marked as with silver, for example. The
nanoparticles shown in Fig. 7.1 are pure nickel nanoparticles. Fig. 7.2 shows a high magnification image of
the nanoparticles, where the atomic columns can clearly be viewed. Lattice analysis matches this with the
nickel {110} facet. The lattice d-spacings are as shown in Table 7.1.
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Figure 7.1: Low magnification micrograph of nickel nanoparticles. Scale bar is 50 nm
(a)
111
200
100
(b)
(001) (110)
(111)
(c)
Figure 7.2: (a) High magnification image of a nickel cluster, with (b) FFT of image and (c) a close-up with
lattice analysis of the red box in (a). The scale bar is 2 nm
Table 7.1: Measured d-spacings for Fig. 7.2, with respect to standard values for nickel. The error for all the
measured d-spacings is 0.01 nm.
Group of planes Measured d-Spacing, nm Ni d-spacing, nm
{100} 0.36 0.35
{110} 0.24 0.25
{111} 0.22 0.20
As for silver on carbon supports, see Section 5.6, Chapter 5, the particle is in the 〈110〉 zone axis orientation.
This is therefore potentially a common phenomenon for FCC crystals on carbon supports.
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7.3 Nickel Nanocubes
The conditions in the UHV deposition system are in theory reasonably close to ‘ideal’ conditions, in that
particles are formed in the presence of an inert gas and under high vacuum, with the only deviations being
a non-zero Kelvin environment and slight impurity of target materials (≤ 0.01%). These nearly idealised
conditions should lead to sputtered materials adopting the Wulff polyhedron, as discussed in Section 1.6 in
Chapter 1.
It was therefore not initially expected that the conditions described in Section 3.5 would lead to the formation
of nanocubes (see also Appendix C). Although nickel nanoparticles are formed in chamber 1 of the system (see
Fig. 2.2), as they pass through chamber 2, the plasma is sufficiently hot that it may cause the nanoparticles
to break apart, and they will reform in a shape that is favourable considering the presence of the silver
plasma. The deposition conditions are key in causing the morphology of these nanoparticles, as will be
discussed.
The TEM results for experiments described in Section 3.5 are shown in Fig. 7.3.
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Figure 7.3: TEM micrographs of nanocubes, showing (a) Dep. Ni(1) , (b) Dep. Ni(2) , (c) Dep. Ni(3) , (d)
Dep. Ni(4) , 3.5, depicting (e) Dep. Ni(5) , (f) Dep. Ni(6) , (g) Dep. Ni(7) , (h) Dep. Ni(8) and (i) Dep.
Ni(9) . Scale bar is 20 nm for each micrograph.
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All experiments, with the exception of Dep. Ni(9) , produced only nanocubes, and HR-TEM lattice analysis
was performed on these cubes to gain an initial understanding whether these were nickel or nickel-silver
alloys. This is shown in Fig. 7.4. The nickel nanocubes show a lattice match for nickel, with values for the
d-spacings in Table. 7.2.
(a)
002
022
022 020
(b)
(001)
(011)
(c)
Figure 7.4: (a) HR-TEM of a single nanocube in the 〈100〉 zone axis orientation, with (b) corresponding
FFT and (c) lattice analysis of area in dashed box on (a). Scale bar is 2 nm.
Table 7.2: Measured d-spacings for Fig. 7.4, with respect to standard values for nickel. The error for all the
measured d-spacings is 0.02 nm.
Group of planes Measured d-Spacing, nm Ni d-spacing, nm
{200} 0.16 0.18
{220} 0.13 0.12
It is also worth recalling that there is a large lattice mismatch (∼14 %) between nickel and silver. This makes
the formation of cubes particularly unfavourable, since while the formation of cubic shells on a non-cubic
seed is possible [97], it requires epitaxial growth, and a lattice mismatch ≥5 % should make this process
unfavourable, with spherical or dendritic morphologies instead dominating [280]. However this process is
somewhat different as there is no evidence of an initial core-shell structure in 7.4, potentially because the
nanoparticulate nickel seeds were permeated and possibly destroyed by the hot silver plasma in the core-shell
coating chamber.
As previously stated, most samples shown in Fig. 7.3 yielded nanocubes, with the exception of Dep. Ni(9)
. A great variety of deposition conditions were attempted (see Appendix C.1, suggesting that cubes are a
favourable outcome. This result is most striking for Dep. Ni(8) (Fig. 7.3(h)), which had markedly different
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PN, and Th. Dep. Ni(9) is the only experiment to yield dramatically different results (see Fig. 7.3(i)). In
this experiment, not only cubes but also an abundance of hexagons were seen. The sample also contained
nanorods, core-shell nanoparticles and complex dendritic structures. For this experiment PN was increased,
and PCSC was reduced, and it is possible the variation in pressures caused the variation in structures. A
change in deposition conditions means a change to the equilibrium conditions of the experiment, and hence
the growth parameter, α, that governs the shape of the nanoparticles. A range of shapes suggests that the
conditions were not stable during this deposition. It must also be noted that there was an increase in argon
gas for this experiment. From the results of Dep. Ni(8) , it is evident that the experiment is not very
sensitive to changes in PN, yet little is known about the sensitivity to gas and partial pressure, it may be
that the small changes in gas has triggered the multitude of structures observed. Further experiments are
desirable to pinpoint the effects which lead to shape changes of the nanoparticles, however the experiment is
non trivial due to the limited stability of the deposition system outside of the preferred regime, that is, the
regime that produces nanocubes. If deposition conditions deviate from the standard deposition conditions,
i.e. those of Dep. Ni(1) -Dep. Ni(7) , the signal on the mass filter reduces significantly after short time
periods. Encouraging the UHV deposition system to perform under extreme conditions is best done by
regular cleaning of the chambers, and sputtering titanium to improve vacuum levels.
The differences observed between experiments that were kept as controlled as possible highlight the difficulties
associated with achieving perfect reproducibility in the UHV deposition system, as discussed in Section 4,
and the total yield of nanoparticles reflects this, seeing as it shows no clear dependence on tD or vacuum
pressure. For these experiments in fact, the key variable was observed to be how ‘fresh’ the nickel target
was. Table 7.3 shows the surface coverages calculated for the micrographs shown in Fig. 7.3.
Table 7.3: Observed surface coverages for Experiment 1 samples. A 10% measurement error applies to all
surface coverage measurements, due to propagation of errors from calculating particle size.
Sample Surface Coverage,
%
Dep. Ni(1) 15
Dep. Ni(2) 3
Dep. Ni(3) 36
Dep. Ni(4) 3
Dep. Ni(5) 75
Dep. Ni(6) 13
Dep. Ni(7) 1.3
Dep. Ni(8) 0.9
High yields could only be achieved with new nickel targets, and yield dropped considerably after each
subsequent deposition made without exchanging targets. Dep. Ni(1) , Dep. Ni(3) and Dep. Ni(5) were
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both made with fresh nickel targets, and hence exhibited high surface coverage. Nickel was also seen to
contaminate the chamber after a few depositions, resulting in low yields and poor vacuum pressure. For
this reason extensive cleaning of the system is required between depositions, and hence repeat depositions
are not trivial. In spite of the differences in conditions observed in Table C.6, the fact that nanocubes are
produced consistently, albeit in different yields, is very encouraging and suggests there is a wide window of
conditions at which these structures are the most favourable shape.
Nickel and silver are thought to be able to interact within the system due to the presence of the silver
plasma and the high heat, and the fact that the nickel particles are likely to be charged as a result of the
deposition process. However, if silver is indeed incorporated into the structure of nickel, the large lattice
mismatch means that there will be significant surface compressive strain. Observing the EDX spectrum of
the nanocubes, shown in Fig. 7.9, we see that the nanocubes are composed of nickel with no observable peak
for silver, despite the reasonable assumption that there is a large amount of silver in the plasma available for
alloying. This is because as more silver attempts to substitute into the nickel lattice, this surface compressive
strain becomes larger, and there is a limit to which the nickel lattice can accommodate large silver atoms,
called the ‘alloy concentration limit’ [281]. This limit is different for different surfaces. Indeed, the more
stable {111} crystal planes of nickel are closer packed, whereas the {110} face is less close packed and the
{100} face is the most open face. There is less compressive stress involved in substituting the silver atoms into
more open faces. Therefore this concentration limit is highest for the {100} face, i.e this can accommodate
the most silver and hence the resulting structure will be that which maximises the total number of {100}
facets, i.e. a cube. The cubes observed in Fig 7.3 have slightly truncated corners, corresponding to small
{111} corner facets. This is to be expected, since sharp corners would mean atoms on the edges of the corners
would have very few nearest neighbours and hence would have very high surface energies. Smoothing the
corners with {111} facets lowers the total surface energy of the cube.
Despite the mass filter being turned off for experiments, nanoparticles are seen to exhibit an autonomous
size selection, evident from inspection of Figs. 7.3. Table 7.4 shows the various sizes that were achieved for
different depositions.
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Table 7.4: Average nanocube size for each deposition calculated from analysis of TEM micrographs. An
average of 40 particles are counted per deposition to give the average size figures. No data is shown for Dep.
Ni(7) and Dep. Ni(8) due to the low surface coverages not giving reasonable statistics. No data is shown for
Dep. Ni(9) due to the non nanocube morphologies observed within this deposition (see Figure 7.3).
Deposition Average size ±
Standard
deviation, nm
Dep. Ni(1) 8 ± 2
Dep. Ni(2) 8 ± 1
Dep. Ni(3) 11 ± 2
Dep. Ni(4) 9 ± 1
Dep. Ni(5) 10 ± 1
Dep. Ni(6) 11 ± 2
The overall size, which is common to all depositions, is (9 ± 2) nm. If a histogram and kernel density plot
is created for any of the samples, for example see Fig. 7.5 for Dep. Ni(1) , the very precise size control can
be seen in detail, which is far superior to many experiments actually involving size selection. Additionally,
the nanocubes in Figs. 7.3 do not appear prone to agglomeration, suggesting fairly high stability in this
‘high-energy’ structure, and additionally that this size is very stable, since they do not self-assemble into
larger cubes to minimise surface-to-volume energy.
Figure 7.5: Histogram and K-density plot of nanocubes for Dep. Ni(1)
In understanding why there is an autonomous selection of a particle size, one must consider the strain
involved in forming alloyed {100} facets. While {100} is the facet that is able to take the greatest amount of
silver loading [282], the large size of the silver atoms relative to the nickel atoms is not possible to incorporate
without introducing significant strain in the lattice. This strain is increased as facet area is increased, and so
larger nanocubes should not be favourable. It is also presumed that small nanocubes are not favourable due
to high surface-to-volume ratios. The surface-to-volume ratio of a nanocube is fairly high when compared
to that of a sphere, which is the expected shape previously observed in nanoparticle depositions with the
system, where we often see nanoparticles as small as 2 nm in size. Therefore cubic nanoparticles are limited
to larger sizes by this very high surface-to-volume ratio, and smaller sizes are simply not favourable.
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While this autonomous size control was prevalent, one would see the occasional very large nanocube, Fig. 7.6
, though this was very rare. They present an interesting case as multiple larger nanocubes were seen, but they
were not common at all. We therefore have an exception to the apparent ‘selection rules’ governing nanocube
size. Additionally all of these large nanocubes tend to be well size defined within themselves, at about 30
nm. This suggests a second stable size, excluding all intermediate sizes. This is in contradiction to the
strain and energy minimisation arguments previously given, as a large cube would have significant strain.
It is possible then that these larger nanocubes have a different composition than the smaller nanocubes,
potentially incorporating less silver, which is believed may be responsible for the upper size limit of the
smaller nanoparticles. Interestingly these larger cubes are seen to be less truncated, i.e. shorter {111}
facets. This is thought to be since their larger volume means that they have a smaller surface area to volume
ratio, and hence are simply more stable, and therefore gain relatively little from being truncated. The
existence of these large cubes leads to the suggestion of ‘magic numbers’, whereby there exists lower energy
stable structures at different cluster sizes, with one allowed state at around 8 nm, and another allowed, but
less favourable, state at around 30 nm. However it is also possible that the 30 nm size could indeed be
equally favourable, since different depositions conditions, i.e. those that favour more collisions in the silver
plasma, could produce a greater abundance of larger cubes.
20 nm
Figure 7.6: Anomalous large cube
7.4 TEM Studies of Aged Particles
The nickel nanocube samples were aged for 17.2 weeks under ambient conditions, to study the stability of
the nanoparticles, a micrograph of the resulting cubes is shown in Figure 7.7.
184
Chapter 7. Nickel Nanoparticles
Figure 7.7: TEM of nanocubes from Dep. Ni(1) after 17.2 weeks in ambient conditions. Scale bar is 5 nm.
It was observed that a 1.4 ± 0.4 nm (from measuring oxide layer on 20 particles in Dep. Ni(5) , with an
error given by the standard deviation of these measurements) thick crystalline oxide layer had formed on the
nanocubes. The nanocubes are also slightly more truncated, when compared to, for example, Fig. 7.3(a).
The oxide layer is very well defined and evenly distributed, this is very evident when looking at some of the
anomalous large nanocubes that were observed. Figure 7.8 shows the oxide layer most clearly in comparison
to an earlier, oxide free nanocube. The oxide layer is 1.7 ± 0.2 nm thick (from measuring oxide layer on each
edge of the large cube, with an error given by the standard deviation of these measurements), showing that
it is not nanocube size dependent. In the case of these large nanocubes, the nanocube does not appear to
be any more truncated than its earlier counterpart, again suggesting the enhanced stability of these larger
nanocubes.
5nm 5nm
Figure 7.8: TEM of large nanocubes from Dep. Ni(1) before and after 17.2 weeks in ambient conditions.
The left image is from imaging straight after deposition, and the right image is after 17.2 weeks of ageing.
EDX spectra were taken from the particles and compared with the original EDX spectrum taken from as
deposited particles. Both acquisitions were performed at low magnifications, so that the signal would be
representative of a large field of view. The EDX spectra are displayed in Fig. 7.9. There is no silver
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observed in either the fresh or the aged samples. It can be seen that in the original EDX spectrum, there is
already a significant oxygen peak that might be unexpected for supposedly ‘pure’ nickel samples, this can be
attributed to oxygen contamination on the grid, which is confirmed via EDX performed on pure carbon grids
in Appendix B. It can be seen from comparing the results for the aged nanocubes with the fresh nanocubes
that the relative quantity of oxygen has increased, though only slightly- due to the high background and
peak broadening present in the aged samples. There is significant levels of oxygen present in the as deposited
samples compared to the reference, suggesting some initial uptake of oxygen in the nickel samples. Elemental
quantification was performed for both spectra, and this is displayed in Table 7.5. Elemental quantification
shows that the level of oxygen after aging is increased further than is apparent in Fig. 7.9. There is also a
significant growth in the amount of silicon observed, though silicon detection is never reliable in EDX.
Figure 7.9: EDX on as deposited and 17.2 week aged nanocubes. The EDX spectrum for the aged nanocubes
is normalised to the Kα nickel peak (due to overlap between the Cu and Ni Lα peaks), assuming no overall
loss of nickel between depositions. The carbon reference is normalised to the carbon peak.
Table 7.5: Relative elemental compositions of fresh and aged nanocubes.
Element At.%, Fresh
Nanocubes
At.%, Aged
Nanocubes
Ni 77.2 67.2
O 1.8 14.6
C 2.4 2.5
Si 0 4.35
From Table 7.5, we see not only that the oxygen signal has increased dramatically, but also there is a notable
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silicon signal. A potential source of the silicon becomes clear from inspection of the EDX quantification of
a ‘clean’ a-C grid in Appendix B. For the clean foil, the silicon signal is, 0.8 at.%, which is a reasonably
low signal for EDX. One must also consider the silicon signal that is likely present as a result of the silicon
dead layer in the EDX detector. The observed silicon signal in the 17.2 weeks aged particles is too high to
be attributed to these effects alone, and so it is thought that silicon is present in the aged samples. There
is the question of where the silicon originates from. It is possible that the silicon naturally present on the
grid is, over time, interacting with the sample more, and therefore a stronger signal is given as more of the
silicon is present in areas of increased thickness.
SAD was performed on the 17.2 weeks aged nanocubes sample, this is shown in Fig. 7.10. The SAD
micrograph clearly shows the expected nickel lines, and also shows what can either be silver or nickel(II)
oxide rings. Since the lattice parameters for silver and for nickel(II) oxide are very similar, the rings could be
attributed to either crystal lattice. However due to the low silver content evident in EDX spectra (see Fig.
7.9), the ring is unlikely to be silver, since it is so bright and therefore must represent a material present in
significant concentrations, and is therefore concluded to be nickel(II) oxide.
10 10 1/nm
NiO 220
Ni 220
Ni 400
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NiO 533
Ni 222
Figure 7.10: SAD of nickel nanocubes
Table 7.6 shows the measured d-spacings taken from calculating the area of the diffraction rings in 7.10 and
solving for 1/radius. The associated error is propagated from the error in the measurement of the area of
the rings. The first ring is seen to not be a match for nickel or nickel oxide, and matches crystalline silicon.
This together with the fact that some silicon was seen in EDX of the aged samples in Fig 7.9 suggests that
silicon may be taken up into the oxidised nanocubes.
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Table 7.6: Measured values of d-spacing from Figure 7.10. Ring 1 is closest to the centre of the diffraction
pattern. Error in measurements is 0.01 nm
Ring 1/radius, nm Matched Material & Set
of Crystal Planes
d-spacing, nm
1 0.17 Si {311} 0.16
2 0.14 NiO {220} 0.15
3 0.12 Ni {220} 0.12
4 0.10 Ni {222} 0.10
5 0.09 Ni {400} 0.09
6 0.06 NiO {533} 0.06
7.5 Transformation of Nanocubes to Core-Shell Nanospheres Un-
der Irradiation with Electron Beam
Shape transformation occurs because particles attempt to minimise their total interfacial free energy at a
fixed volume and is thought to occur via surface diffusion of atoms [6]. An electron beam imparts energy
into the nanoparticles and hence shape transformations become possible. The type of energy imparted
and hence the type of transformation observed is likely to be dependent on electron dosage. The electron
dosage is determined by the energy selection of the monochromator (if present), the beam spot size and the
condenser aperture, spread of the beam, and the electron voltage. The nickel nanocubes produced using the
nanoparticle deposition system represent a strained ‘high-energy’ state, since the cube has a high surface to
volume energy. Additionally, it is possible that a low silver content is present in the structure, and since
nickel and silver are immiscible, it would be preferable for silver to segregate to the surface if given the
energy required for phase separation. We would expect that the particles would de-stabilise to a shape that
maximises {111} facets, and has a low surface-to-volume ratio i.e. a sphere. This is indeed what happens
under 300 kV electron beam illumination. Nanoparticles initially separate into a cubic core-shell morphology,
followed by a rounding out of the edges and a transformation to a spherical shape. The rounding of the
edges occurs first, since the corner atoms have the least number of neighbours, and hence local atoms have
high energy [254]. Fig. 7.11 shows this transformation over a period of over 15 minutes under constant
illumination. The full series is shown in Video 21, Appendix D. We see that the initially cubic structure
observed in (a) is quickly destabilised by the electron beam to produce cubic core-shell nanoparticles, such
as shown in (b) and (c). At this stage the high levels of strain caused by the transition are apparent in
the presence of Moire´ fringes on many of the nanoparticles. The transformation from cubic to spherical is
slower than the core-shell segregation, but after (d) 560 s the transformation is essentially complete, and
little change is observed with (e) further illumination.
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(e) (f)
Figure 7.11: TEM micrographs showing electron beam induced degradation of nanocubes into to core-shell
particles, taken at (a) 0 s, (b) 110 s, (c) 210 s, (d) 560 s and (e) 900 s into series. (f) shows a blown up image
of the red box in (d), with false colour to show the core and shell regions. Experiments are performed with
a current density of 1 pA/cm2at an accelerating voltage of 300 kV on the Titan. Full microscope conditions
can be found in Appendix E.1. Scale bar is 5 nm for all micrographs.
Fig. 7.12 shows a high resolution micrograph of a transformed core-shell particle (after 900 s of imaging)
from the experiment carried out in Fig. 7.11. Lattice and FFT analysis is performed on both the core and
shell regions. It can be seen that the core now corresponds to nickel in the 〈110〉 zone direction. Table 7.7
shows the measured d-spacings for the core region of this nanoparticle.
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Figure 7.12: (a) Micrograph of a Core-Shell Nickel Nanoparticle after 900 s of electron beam exposure as
shown in Fig. 7.11, with (b) lattice analysis of core region indicated in (a) with (c) corresponding FFT and
lattice analysis of (d) shell region indicated in (a) with (e) corresponding FFT. Scale bar is 2 nm.
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Table 7.7: Measured d-spacings for core region in Fig. 7.12, with respect to standard values for nickel. The
error for all the measured d-spacings is 0.01 nm.
Group of planes Measured d-Spacing, nm Ni d-spacing, nm
{100} 0.34 0.35
{111} 0.21 0.20
The shell can be matched either with silver or nickel oxide in the 〈110〉 zone direction, which have very
similar lattice spacings. The lattice spacings for the shell are as shown in Table 7.8.
Table 7.8: Measured d-spacings for shell region in Fig. 7.12, with respect to standard values for nickel-oxide.
The error for all the measured d-spacings is 0.01 nm.
Group of planes Measured d-Spacing, nm NiO d-spacing, nm
{100} 0.42 0.41
{110} 0.29 0.29
{111} 0.24 0.24
The micrographs (Fig. 7.11 and Fig. 7.12) were obtained on the FEI Titan Microscope aligned at 300 kV.
The experiment was repeated on the Jeol2100F microscope at 200 kV, to understand if this transition was
reproducible between different microscopes and with a lower beam energy. A high resolution series of images
of the transition was taken, this is shown in Fig. 7.13, and given in full in Video 22, see Appendix D. As with
the previous set of images, the transition is marked by an initial transformation to core-shell, while the cubic
structure is essentially maintained, followed by the destabilisation to spherical morphology. As for before
the transition is marked by an initial separation into cubic core shell morphology (b), followed by rounding
of the edges (c) followed by completing the transition to spherical core-shell (d). The FFT taken at the end
of the series, Fig. 7.13(f) shows two spots that were not present in the initil FFT shown in Fig (a). It is
possible that these spots correspond to the growth of the new nickel oxide phase, since the correspond to
the {220} planes. Throughout the series the nickel nanoparticle remains in the 〈100〉 zone axis orientation.
The measurements of d-spacing for the nanoparticle are given in Table 7.9. No increase in nanoparticle size
is observed during the transition, possibly due the growth of the oxide shell being counterbalanced by the
reduction in the surface to volume ratio associated with the cubic to spherical transition.
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Figure 7.13: High resolution micrographs of nanocubes taken of of the cubic to spherical core-shell transition
at (a) 0 s, (b) 159 s, (c) 281 s (d) 513 s, (e) shows an FFT of the beginning of the series, and (f) shows
an FFT at the end of the series. Experiments are performed with a current density of 145 pA/cm2at an
accelerating voltage of 200 kV on the Jeol 2100F. Full microscope conditions can be found in Appendix E.1.
Scale bar is 2 nm.
Table 7.9: Measured d-spacings for shell region in Fig. 7.13, with respect to standard values for nickel and
nickel-oxide. The error for all the measured d-spacings is 0.01 nm.
Material & Group
of planes
Measured d-Spacing, nm Ni/NiO d-spacing,
nm
Ni {200} 0.18 0.18
Ni {220} 0.13 0.12
NiO {220} 0.15 0.15
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7.6 Transformation of Nanocubes to Core-Shell Nanopoppys Un-
der Irradiation with Electron Beam
A difference in the way these nanocubes transformed was first observed when changing voltage from 300
kV to 80 kV on the Titan. However it must also be noted that the particles have aged slightly between
these experiments, and while every effort is made to protect the particles from contamination by appropriate
storage, changes associated with aging of the nanoparticles are inevitable, as confirmed from section 7.4.
The observed transformation at 200-300 kV is very different to what is observed when 80 kV electrons are
used, as shown in Fig. 7.14 (see full series in Appendix D, Video 23). At this accelerating voltage, we get an
initial shell that appears uniform, which occurs very quickly, on the order of the time it takes to align the
microscope, see Fig. 7.14(a), however the shell then appears to grow on the corners of the cube, where the
{111} facets are. The structures formed here are also cubic shapes, and occur as the core is destabilised to a
more spherical shape, see Fig. 7.14(b). The unusual shape of this structure has been dubbed a ‘nanopoppy’
due to its resemblance to the flower. With time, the ‘petals’ of the nanopoppy continue to grow under the
beam, until they eventually begin to join up to form a core-shell nano-cube with opposite orientation to the
original, see Fig. 7.14(c) - (d). The entire transformation from Fig. 7.14(a)-(d) occurs within 500 s.
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Figure 7.14: Series of TEM micrographs of nanocubes produced from Dep. Ni(1) , driven to transform
to core-shell ‘nanopoppys’. Taken at (a) 4 s, (b) 140 s, (c) 280 s and (d) 452 s into series. Experiments
are performed with a current density of 1 pA/cm2at an accelerating voltage of 80 kV on the Titan. Full
microscope conditions can be found in Appendix E.1. Scale bar is 2 nm for all micrographs.
Differences in particle behaviour observed at different accelerating voltages can possibly be explained in that
the electron interaction mechanisms are very different at different accelerating voltages; at 80 kV samples are
more prone to radiolytic damage, since electrons spend longer in the sample. While radiolytic damage would
not affect the metal cores of the nanoparticles, the oxide shells may be effected through a process called
Electron Stimulated Desorption (ESD), in which beam electrons are able to create inner shell vacancies in the
metal atoms of the oxide, which are transferred to the oxygen atoms, where they decay by Auger emission.
This process results in the ejection of surface oxygen atoms into the vacuum [262], potentially affecting the
development of the oxide shape. At 200-300 kV, the knock-on damage threshold is overcome for nickel; which
lies between 109-172 kV, depending on the roughness and curvature of the nanoparticle surface. Knock on
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damage would result in atoms being knocked out of their position by high-energy electrons, which can easily
de-stabilise a shape [283]. Therefore one can see why we might observe different shape transformations at
different electron beam energies in the same microscope (FEI Titan). However, more likely still is that the
total exposure, or dosage at different accelerating voltages is going to be markedly different as the microscope
will be aligned differently and the illumination conditions changed. A different exposure could change how
fast the transformation occurs and therefore the preferred route of transformation. It is likely that this plays
a part in the differences in transformation, but unlikely that it is solely responsible for the difference in
shape. This behaviour will be explored further later in this chapter, in Section 7.8.
Figure 7.15 shows the lattice analysis for both the (b), core and (d), shell regions of the particle. The
calculated d-spacings for the core are as shown in Table 7.10,the d-spacings for the shell region are as shown
in Table 7.11. The core is a match for the 〈100〉 zone axis orientation of nickel and the shell is a match for
the 〈110〉 zone axis orientation of nickel oxide to within the quoted errors of 0.01 nm (see Appendix A for
tables of d-spacings for each material).
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Figure 7.15: (a) Micrograph of a Core-Shell Nickel Nanoparticle after 900 s of electron beam exposure as
shown in Fig. 7.14, with (b) lattice analysis of core region indicated in (a) with (c) corresponding FFT and
lattice analysis of (d) shell region indicated in (a) with (e) corresponding FFT. Scale bar is 2 nm.
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Table 7.10: Measured d-spacings for core region in Fig. 7.15, with respect to standard values for nickel. The
error for all the measured d-spacings is 0.01 nm.
Group of planes Measured d-Spacing, nm Ni d-spacing, nm
{200} 0.18 0.18
{220} 0.13 0.12
Table 7.11: Measured d-spacings for shell region in Fig. 7.15, with respect to standard values for nickel-oxide.
The error for all the measured d-spacings is 0.01 nm.
Group of planes Measured d-Spacing, nm NiO d-spacing, nm
{110} 0.28 0.29
{111} 0.25 0.24
{200} 0.21 0.21
7.6.1 Shell Growth With Time: Silver or Nickel Oxide?
From observation of Fig. 7.14, it can be seen that not only does the particle undergo a transition from cubic
to nanopoppy, but the particle appears to grow with time. On close inspection it becomes clear that the core
is shrinking, and the shell is getting larger. This would be in agreement with silver coming out of the core,
however, we saw that for aged particles, the EDX results (Fig 7.9) suggested low levels of silver in the sample.
Hence, if silver was coming from the core, it would have to be wetting the surface of the substrate, which
would also account for the increased overall area occupied by the particle, and the reduced contrast of the
shell, since silver is a heavier element this would be unexpected in BF-TEM. The relationship between the
exposure time and shell growth was investigated. It was thought that if the transformation from nanocube
to core-shell represented a surface segregation of silver followed by wetting of the surface, the growth rate
would have to eventually decrease as silver in the core was depleted. However, if we look at Fig. 7.16(a)
we see that the thickness of the shell at the thickest point (i.e taken along the direction of nanopoppy petal
growth), continues to increase approximately linearly with time. This is significant, especially since we know
that as the shell thickness lengthens, the petals are also getting wider, in order to eventually meet up as
shown in Fig. 7.14. This is reflected by plotting the area, shown in Fig. 7.16(b)
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(a) (b)
Figure 7.16: Graphs showing the (a) increase in thickness of the shell with time and (b) increase in shell
area with time for the cubic to core-shell transition shown in 7.14
Since the shell and particle area seems to be ever increasing, it seems unlikely that the shell is silver.
Nickel(II)oxide seems a likely candidate for the shell, since there is naturally oxygen available on the a-C
foil which may migrate to the nickel nanocubes via surface diffusion, and nickel(II)oxide shares similar
lattice parameters to silver. The formation of Kirkendall voids has been proposed as an in-situ oxidation
mechanism for nickel, and has attracted much attention in recent years [208]. However, no evidence of
Kirkendall void formation was observed for any of the transitions. From the work of Latham et al. [212],
voids form within 316 s at 80 kV, and the void formation rate was seen to increase with increasing accelerating
voltage. In this work, we have studied the transition at much higher accelerating voltages, and yet no
Kirkendall void formation was seen for periods over 600 s. If the shell is indeed an oxide, it provides an
excellent opportunity to further understand the oxidation mechanisms of nickel, which are of great interest
as degradation mechanisms of nanoparticles constitute the overarching aims of this thesis.
7.7 The Enhanced Morphological Stability of Aged Nanocubes
The 4 month aged nanoparticles that were previously discussed were exposed to the electron beam for long
periods of time. Contrary to the fresh samples, aged samples do not undergo a transition to core shell
morphology. This is shown in Fig. 7.17 which are snapshots from a series of images taken where the sample
was illuminated. The cubic shape does not destabilise to spherical under a similar time frame to what is
used for fresh nanoparticles. Some destabilisation of the shell is observed over this time frame, but there is
no growth of the shell thickness. If the shell that has been observed to grow in-situ is an oxide, this shows
that natural oxidation differs in its mechanisms from the oxidation in the TEM experiments described in
this chapter.
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(a) (b)
Figure 7.17: TEM of aged nanocubes (a) at beginning of imaging and (b) after 576 s of exposure. Experiments
are performed with a current density of 150 pA/cm2at an accelerating voltage of 200 kV on the Jeol 2100F.
Full microscope conditions can be found in Appendix E.1. Scale bar for both micrographs is 5 nm
7.8 Chemi-STEM Studies
Two samples were studied using high resolution ‘super’ EDX. One sample was cubic (Dep. Ni(8) ), and the
other sample was the mixed shape structure (Dep. Ni(9) ), both described in Table C.6. BF-TEM images
of these samples are depicted in Fig. 7.3(h) and (i), to show the size and shape distribution for the samples
studied using super EDX. EDX on the samples was a challenge, since the samples quickly transformed to
core-shell under the beam (Experiments are performed with a current density of 0.75-1.42 x 107 A/cm2at
an accelerating voltage of 200 kV on the Titan Chemi-STEM. Full microscope conditions can be found in
Appendix E.1.). Under the time frame required for reasonable data acquisition, the shell would begin to
form and hence in order to have sufficient data for elemental quantification, it was necessary to allow the
nanoparticles to transform. However, attempts were made to perform EDX at the start of this transition,
and again once the shell was formed, in order to assess the differences between ‘clean’ nickel nanocubes and
the transitioned core-shell nanoparticles.
The major objectives of these experiments were to answer the following questions regarding the nanocubes:
• What is the shell made of? Is it nickel oxide or silver?
• If the shell is nickel oxide, is there any silver present in the sample?
• Is there any variation in silver content between different shapes?
• If the shell is indeed oxide, is it nickel(II)oxide, NiO, or the less commonly observed Ni2O3 ?
• Is there any variation in the way different shapes form shell layers?
• If particles are close together, what happens in the gap between, does shell growth proceed in the same
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manner as for isolated particles?
7.8.1 Core-Shell Composition
Many EDX acquisitions were performed on the Titan Chemi− STEMTM instrument to attempt to establish
whether silver was present in the sample. Spectra were taken of the core and the shell regions of particles
as they transformed into core-shell particles to determine the composition and whether the transition con-
stituted the phase separation into Ni-Ag particles, or an attraction of oxygen to create Ni-NiO core-shell
particles.
Figure 7.18 shows the elemental composition of a single cubic core shell particle. To obtain this data, beam
conditions where chosen that maximised the EDX signal, at the expense of resolution in STEM, i.e. a larger
condenser aperture and high beam current. From observation of the EDX spectrum of this particle, there
is no peak for silver, see Fig. 7.19. While this EDX result does not entirely rule out silver in the sample, it
suggests that if silver is present it is in concentrations lower than about 2 %, since this is roughly the limit
of what can be detected using this technique.
ONi
(a) (b) (c) (d)
Figure 7.18: Elemental composition maps showing (a) composite image, where the white dotted box shows
the region used for the core and the yellow dotted box shows the region used for the shell spectra in Fig
7.19, (b) Ni content, (c) O content, and (d) Si content of a core-shell nanocube. Experiments are performed
with a current density of 1.42 x 107 A/cm2at an accelerating voltage of 200 kV on the Titan Chemi-STEM.
Full microscope conditions can be found in Appendix E.1.
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Figure 7.19: EDX spectrum of the particle depicted in Fig. 7.18
Since the silver content is very low, and yet may still be responsible for the formation of nanocubes, the
potential role of silver must be considered. Hydrogen and carbon monoxide are common reactive gases used
to reduce nickel and induce cubic morphology in nickel nanoparticles [130]. However, the synthesis that
leads to the creation of nanocubes did not involve reactive gases, instead using only inert, high purity argon.
It is possible that silver may play the same role as a reactive gas, reducing the nickel but not remaining
in the structure in any tangible way. In the nanoparticle deposition system, both silver atoms and nickel
nanoparticles will be produced with excess charge as a natural consequence of the sputtering process, and this
may aid the interaction of the two elements. Again it must be stressed that EDX is not a suitable technique
to rule out silver in the sample completely. When attempting to understand how silver may reduce, but not
alloy, with nickel, the reduction potentials of silver and nickel can be considered as a potential explanation.
The Standard Electrode potential, Eo of silver is +0.7996 V , whereas for nickel it is -0.25 V [284]. Therefore
silver has a more positive potential than nickel and hence may be able to reduce nickel, and the plasma might
conceivably provide the environment where this is possible. This could also explain why titanium does not
reduce nickel, since it has a Eo of -1.37 V [284], which is more negative than nickel and hence a plasma of
titanium shouldn’t be able to reduce the nickel nanoparticles.
Another interesting effect to note is that the surface of the nanocubes seems to be more passivated by silver
than reactive gases such as hydrogen, since the nickel has no observable initial oxidation layer. In literature,
oxidation is seen to be fairly instantaneous [130], but natural oxide formation for the samples studied in this
thesis was only observed over the course of weeks of aging, rather than minutes.
201
Chapter 7. Nickel Nanoparticles
While silver is not evident in the sample, we do however see a tangible silicon peak, which is reinforced by
the elemental map shown in Fig. 7.18(d), where it can be seen that silicon is clearly forming in the shell
region of the particle. It is very apparent from examination of Fig. 7.18 that the shell contains high levels
of both nickel and oxygen, this can be observed in the spectra for both core and shell regions of the particle,
see Fig. 7.19. It is also clear from this image that there is significant oxygen in the core.
It therefore can be concluded that the shell is a nickel oxide, rather than silver. There are a few possible
mechanisms for the formation of a nickel oxide shell on the nickel nanoparticles, these being:
• The oxygen is already present in the nickel, and segregates to the surface
• The oxygen comes from the vacuum column, since the TEM is at 10−5 mBar and hence is only just
into the ‘high vacuum’ regime (10−5 − 10−8 mBar)
• The oxygen originates from the a-C grid, and diffuses to the particle when the particle is illuminated.
One can almost rule out the first of these suggestions simply by identifying that the particle undergoes a
significant increase in size, hence it is highly likely the oxygen originates elsewhere. However to truly rule
it out, since the perceived increase in size could be due to wetting of the surface (although we might expect
a change in contrast), the changes in oxygen in the core should be analysed before and after a shell is
formed. To distinguish which is the correct mechanism between the other two proposed sources of oxygen,
one must design an experiment. The nickel nanocubes should be deposited onto alternative substrates, such
as amorphous silicon and silicon nitride, which are known to be cleaner than amorphous carbon.
7.8.2 Variations in Shell Composition for different Nickel Nanoparticle Shapes
Super EDX was performed on many nanoparticles, but not all of the particles had thick enough shell regions
to be able to perform quantification with meaningful results. In total, 7 cubic and 5 hexagonal particle shells
were studied, but core quantification was possible with 8 hexagonal particles and 7 cubic nanoparticles. It
should be mentioned that there was also one dendritic sample with sufficient data for study, but this is clearly
not enough for a data set and so is not mentioned henceforth, although it was seen to be unremarkable in its
nickel, oxygen and silicon contents when compared with the data set at large. The relative percentages of
nickel, oxygen and silicon were analysed for each data set to attempt to identify trends that occurred with
shape differences, these are given in Table 7.12.
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Table 7.12: Relative elemental compositions cores and shells of oxidised nanocubes. The errors in these
measurements are approximately 2% per measurement
Element At.%, Core of all
nanoparticles
At. % Shells of
cubic nanoparticles
At. % shells of
hexagonal
nanoparticles
Ni 86 51 44
O 14 47 54
Si 0.1 1.6 2.4
It was found that there was no observable difference in the oxygen and nickel levels found in the core between
different particle shapes. Silicon was very rarely seen in the cores, and the silicon that was seen was not
shape dependent. While the cores of different shapes were seen to be identical, the same can’t be said for the
shells; an average Ni/O ratio of 1.07 is observed for the shells of the cubic nanoparticles, and an average of
0.81 for the shells of the hexagonal particles, i.e the hexagonal shells display greater levels of oxygen in the
shell. These differences are thought to be in accordance with the earlier observations that hexagons oxidise
uniformly, since they are composed of {111} facets, whereas the cubes tend to oxidise more strongly at their
truncated edges, which are also {111}, rather than the faces of the cubes which are {100}. Additionally we
see a difference in silicon levels in the shells (though these levels lie below the mesurement accuracy of the
technique, so are tenuous). It is likely that silicon sits on the surface of the oxidised nanocubes, and that
higher levels observed in hexagononal nanoparticles are due to the higher surface area of these particles. All
measurements are subject to an error related to the size of the area in the elemental maps selected for EDX
quantification. While the cores are relatively large, the shells are often small in area and so the reliability of
data may be lower than the 2% quoted error in Table 7.12.
7.8.3 Evidence of Inter-Particle Interactions
Two hexagonal particles of a similar size were chosen close together, these are shown in Fig. 7.20(a). This
sample is interesting for looking at the oxygen levels in between the particles, whether or not a deficit exists
where the two particles are in near contact. An initial EDX acquisition was stopped as soon as sufficient
data was gathered for quantification. At this point a new STEM image was taken, see Fig. 7.20(b), and then
another second acquisition was performed followed by another STEM image, see Fig. 7.20(c). These two
acquisitions compared give an idea of the elemental composition before and after oxidation. It is however
important to note that some oxidation occurred during the first acquisition, as this was unavoidable.
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(a) (b) (c)
Figure 7.20: STEM images of hexagon pair (a) before and (b) after first EDX acquisition, and (c) after second
EDX acquisition. Experiments are performed with a current density of 0.75 x 107 A/cm2at an accelerating
voltage of 200 kV on the Titan Chemi-STEM. Full microscope conditions can be found in Appendix E.1.
Scale bar is 5 nm for all images.
(a) (b) (c)
(d) (e) (f)
Figure 7.21: Element maps, showing (a) Ni,(b) O,(c) Si during the first EDX acquisition, and (d) Ni, (e) O
and (f) Si during the second EDX acquisition
The most interesting observation made from studying Fig. 7.21 is that there appears to be little oxidation
within the gap region between the two particles, this can be seen in Fig. 7.21(e) where there is a noticeable
dark region between the two particles. This is reinforced by close inspection of Fig. 7.21(d), where it can
be seen that there is no nickel present in this region either. If in doubt, this can be further confirmed
from inspection of the HAADF image in Fig. 7.20(c) where an absence of shell is observed. Oxygen is
paramagnetic and is therefore attracted to magnetic fields. The absence of oxygen suggests a repulsive
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region between the two nanoparticles.
Additionally, since we wanted to completely rule out the idea that oxygen comes from within the nickel par-
ticle; these particles present an ideal case for looking at the oxygen levels before and after the transformation
from cubic to core-shell. In this case, the left and right hand particles have pre-oxidation oxygen levels of
12 % and 11.7 % respectively, these being taken during the first EDX acquisition. Once the oxygen layer
has been allowed to build, i.e. during the second EDX acquisition, these levels increase to 27 % and 32 %
respectively. Therefore it seems fairly evident that oxygen is coming in from an external source and not from
the particles.
It is important to understand the position of silicon relative to oxygen, we know from Fig. 7.21(f) that silicon
is in the shell region, and therefore presumably comes from the carbon grid, but we don’t know whether it
sits on the oxygen shell, or in between the oxygen and nickel. This is key in understanding whether silicon
potentially plays a part in the formation of the oxide shell.
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Figure 7.22: Elemental composition images, together with elemental profiling for (a) early EDX of hexagons
with low oxidation and (b), later EDX of hexagons with heavy oxidation. In both images oxygen is shown
in red, and nickel in blue.
Figure 7.22 shows compositional line profiles taken from the elemental maps shown in Fig. 7.21. It is
important to try and identify what role silicon plays in the shell formation, whether it binds specifically at
the Ni/NiO interface, or if it is present uniformly in the shell. From inspection of Fig. 7.22(b), the silicon
peak appears to be further out than oxygen peak. We see from figure 7.21(f) that there is significant silicon
in the sample, but in the composite image of figure 7.22(b), this is completely obscured by the thick oxygen
region, and so the relative position of the two is only seen in the profile image. Since the silicon appears
outside of the nickel region, this would suggest that silicon is attracted from the grid to the oxygen, rather
than the nickel. Is is therefore not thought to be key in the formation of the oxide. However these results
are quite noisy. Additionally, observe that for Fig. 7.22(b), a noticeable dip is seen in the oxygen profile in
the gap between the two particles, again confirming the earlier observation that oxide does not fill the space
between the particles.
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The question of what occurs in the gap between particles is an interesting one and hence more than one
example is analysed. A group of nanoparticles were found close together, specifically two nanocubes and a
core-shell particle, with a very small gap between the particles. An EDX acquisition was performed on the
sample, and STEM images before and after this acquisition were taken, these are shown in Fig. 7.23.
(a) (b)
Figure 7.23: STEM images of 2 nanocubes and a core shell particle, taken (a) before and (b) after EDX
acquisition. Experiments are performed with a current density of 0.75 x 107 A/cm2at an accelerating voltage
of 200 kV on the Titan Chemi-STEM. Full microscope conditions can be found in Appendix E.1. Scale bar
is 5 nm.
Fig. 7.23(b) presents a system that is different from all previous observations of these nickel particles.
Previously, while the oxide layers of transitioned nanoparticles have been seen to overlap, the nickel cores
tend to remain separate, presumably due to magnetic repulsion. This sample is then atypical, since both of
the previously cubic shapes have bonded their cores with the core of the previously core-shell nanoparticle,
which can be seen clearly in 7.23(b). This suggests then, as previously suspected, that the prevention of
coalescence of these nickel nanoparticles is intrinsic to the shape of the nanoparticles.
Since the top left particle in the trio of nanoparticles begins as a core shell particle, this naturally raises the
question of if this an oxide shell, why is it already oxidised? Therefore it was thought that perhaps this was
a silver shell, since silver content may be different between particles. It was therefore important to inspect
the EDX spectrum for signs of silver. This is shown in Fig. 7.24.
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Figure 7.24: EDX spectrum of two nanocubes and a core shell particle
As for previous EDX spectra on these types of particles, no silver is seen in the particles and so it is assumed
that this core-shell particle is also nickel@nickel-oxide. What makes the before and after EDX micrographs
interesting then, is that the shell thickness after exposure 7.23(b) is very similar for all three particles, despite
the top left particle initially having a small core of 5 nm, an oxide shell of 3 nm thickness (assumed from
HAADF contrast), compared with other nickel nanocubes which are mostly nickel at the start of imaging
and are about 8 nm in diameter.
From Fig. 7.16(a), it was seen that the growth of an oxide shell is approximately linear, and the trend
suggested that nickel depletion from the core would continue at a constant rate until the particle was fully
nickel-oxide. However, the slow growth of this pre-existing core-shell particle compared to its neighbours
suggests that pre-formed oxides behave differently than those grown in the TEM. Perhaps oxides created in
the TEM have better defined grain boundaries through which diffusion can occur. It is interesting that high
crystallinity of the core is maintained throughout the transition for all particles.
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7.8.4 The Possible Presence of Silver
Figure 7.25: STEM of the two nanocubes and core shell particle, after transformation, depicting small specks
of what could be silver, highlighted in red dotted circles. Scale bar is 5 nm.
This system yielded an additional interesting result. In Fig 7.25, one can observe very small light spots in
the shell, highlighted in yellow, indicate the presence of what might be silver ejected from the core into the
oxide shell. While these are far too small to characterise, their brightness indicates a heavier element. Silver
has a lower surface energy than nickel, so if there is a low quantity of silver present in the nickel lattice, the
most favourable state of these nanoparticles is for the silver atoms to migrate out of the nickel lattice, in
which case one might reasonably expect to find them in the shell. However, these bright specks could also be
isolated nickel regions. To attempt to further understand this, more super EDX measurements need to be
performed, to see if this can be observed on multiple particles. If this is the case, then it can be discovered
whether silver is present in the nickel nanocubes.
7.8.5 The Early Stages of Oxidation
Most super EDX discussed in this chapter involves long acquisitions, on nanoparticles that already possess
some degree of oxidation prior to EDX acquisition, due to oxidation occurring during the period where
alignment of the STEM probe is done on the sample. When long acquisitions are performed, not much
can be gleaned about what occurs in the initial stages of oxidation. In the following experiment, a ‘clean’
nanocube was found, that showed little signs of initial oxidation, and the probe alignments were performed
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on another area of the sample before quickly panning back to the nanocube and acquiring EDX data. The
total acquisition time was kept low, to ensure the particle was still in its initial stages of oxidation after this
period. The nanocube was found to transform to a nanopoppy, which hadn’t been seen on other samples
that were studied within the same microscope session. Previously it was thought, see Section 7.6, that the
transition might be beam condition dependent, and possibly dependent on the accelerating voltage. However
this result is in contrast with this, and suggests it may be inherent to the particle itself. However, it was
seen that for some microscope sessions, the dominant transition was to core-shell nanosphere, and in other
sessions, nanopoppy’s dominated. This suggests that it may be due to contamination levels of the sample,
i.e. aging of the sample, or local silicon levels. Indeed, it was observed that when a single sample was left in
air overnight, with super EDX measurements performed on it the day before and the day after, that before
exposure the dominant transition was core-shell spheres and after exposure the dominant transition was to
nanopoppys. A proposed mechanism for the formation of nanopoppys is that oxygen contaminants forming
in air at corners on {111} facets provide a nucleation point for oxide formation in TEM. In TEM on a
clean sample with no contamination, the oxidation occurs quickly and therefore may proceed via another
route. Its also possible that other contaminants absorb onto the {111} facets preferentially in air, which
then preferentially absorb oxygen.
Fig. 7.26 shows the ‘clean’ nanocube that was studied to understand initial oxidation. STEM images
were taken to show its morphology 7.26(a) immediately before EDX was performed, (b) after the quick
EDX acquisition was performed and (c) after a second, much longer acquisition was performed, in order
to see if the composition of the shell was comparable with other nanocubes that proceeded through the
straightforward core-shell nanosphere route.
(a) (b) (c)
Figure 7.26: STEM images of (a) a nanocube with very little oxide build-up before EDX is taken, (b) the
same nanocube after an EDX acquisition, (c) after a second EDX acquisition. Experiments are performed
with a current density of 0.75 x 107 A/cm2at an accelerating voltage of 200 kV on the Titan Chemi-STEM.
Full microscope conditions can be found in Appendix E.1. Scale bar is 2nm for all images.
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Ideally, the spectrum of the shell would be studied during the first EDX acquisition, in order to quantify the
composition of Ni/O, followed by the spectrum of shell after second round of EDX, and make a comparison.
However, due to the very low acquisition time, the spectrum of the first EDX acquisition is very noisy, and
should not be used for quantification. Nevertheless, qualitative conclusions can be made by observing the
elemental maps for each acquisition, these are shown in Fig. 7.27 and Fig. 7.28. What is noticeable, then if
we compare Fig. 7.27(b) with, for example, Fig. 7.18(b), is that the relative intensity of nickel in the shell
region is much higher for the nanopoppy in the ‘petals’ than for the uniform shell of 7.18(b), this is shown
from looking at the intensity regions for both images across the core-shell divide, this is shown in Fig. 7.29.
It can be seen that for the nanopoppy the intensity drop across the shell (region indicated by red lines) is
less sharp than for the core shell nanocube, suggesting a higher initial relative nickel content in the shell
region for the nanopoppy. It seems unlikely that {111} would break apart more easily than {100}, hence it
is thought that perhaps nickel is migrating out from where the facets join on the nanocube corners, which
are in theory highly strained compared to the face of the cubes or the {111} facets.
ONi
(a) (b) (c) (d)
Figure 7.27: Elemental composition maps taken from first EDX acquisition, showing (a) composite Ni and
O map, (b) Ni, (c) O, and (d) Si
ONi
(a) (b) (c) (d)
Figure 7.28: Elemental composition maps taken from second EDX acquisition, showing (a) composite Ni
and O map, (b) Ni, (c) O, and (d) Si.
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(a) (b)
Figure 7.29: Line profiles showing nickel content in core and shell regions from (a) a cubic nanopoppy (refer
to Fig 7.27(b)) and (b) a uniform core-shell nanocube (refer to Fig. 7.18(b))
7.9 Summary
In this chapter, nickel nanocubes have been created through bathing nickel nanoparticles in a silver plasma
in the core-shell coater of the nanoparticle deposition system. Since these nanoparticles represented an
interesting system that is not expected to form in a UHV physical deposition system, the properties of these
particles have been investigated and attempts have been made to understand how these nanoparticles are
formed.
It was discovered that these cubic nanoparticles transitioned to core-shell morphology under the electron
beam during TEM experiments. The shells were seen to be nickel oxide through a series of super EDX
measurements. Silver is however still believed to be vital to the formation mechanism of nanocubes.
Many experiments have been carried out looking at the in-situ formation of the nickel-oxide, in order to
attempt to understand more about how oxides form on magnetic nanoparticles, which is important since
this is a process which degrades their usefulness in many applications. It was found that the in-situ oxidation
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appears to differ from natural aging, yet much information was gained about the preferential formation of
nickel-oxide on certain crystal facets of nickel. It was seen that oxide formation is favoured on {111} surfaces
over {100}.
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8.1 Size Control of Nanoparticles
Nanoparticles of various sizes were produced using the quadrupole mass filter on the nanoparticle deposition
system to select for particle size. It was observed that there was a shift towards a larger apparent particle size
than the chosen mass filter size for silver nanoparticles (see Fig. 5.2). This was largely considered to be due
to agglomerative affects on the a-C substrates. Keeping filter size constant and increasing surface coverage
lead to an increase in apparent sizes for surface coverages above ∼ 15%, as predicted by kinetics [237]. Gold
was seen to exhibit much tighter size control than silver, as evident from Fig. 6.2, though was still seen to
agglomerate at larger surface coverages (see Fig. 6.3).
For nickel nanocubes, size selection was seen to be autonomous. The nickel nanocubes are formed in a
plasma of silver, and this is believed to be a possible mechanism for the size control, due to the nickel lattice
incorporating small numbers of silver atoms, enough to distort the lattice. The silver atom is far larger than
the nickel atom, and so there is high strain associated with its incorporation into the lattice. Large sizes are
therefore unfavourable due to increased strain with increasing particle size. The cubic shape also means that
small sizes are unfavourable due to the high surface to volume ratio. There is therefore a small size range
in which cubes are favourable. Despite this, anomalous very large cubes were found, again of similar size to
one another, about 30 nm. The explanation for this is unclear, though clearly there is some sort of energy
minimisation arguments associated with the larger size. Nickel nanocubes were not prone to agglomeration
and were seen to be individualised, despite being a high energy structure.
8.2 Nanoparticle Morphologies created using UHV Deposition
The IGA UHV magnetron sputtering nanoparticle deposition system used to create nanoparticles in this
system has been seen to be responsible for a host of varying morphologies for the materials studied. The
morphologies created will often depend not only on the size of nanoparticles created, but also upon the
growth conditions. Often for a single deposition, multiple crystal structures were observed, including, but
not limited to, icosahedra, decahedra, cubooctahedra, tetrahedra.
8.2.1 Silver Nanoparticles
For depositions of silver nanoparticles, icosahedra where the most prevalent crystal structure, with usual
sizes in the range 8-15 nm. This confirmed observations by other researchers [163] that for IGA sources,
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the creation of icosahedra outside of the range predicted by equilibrium thermodynamics is possible. It was
seen that pyramidal capping of icosahedra was possible with prolonged beam exposure. It therefore would
seem that the beam energy destabilises the crystal structure and allows recrystallisation at shapes that are
characteristic to different growth parameters.
Marks decahedra were observed, and the electron beam was used to manipulate the shape into orientations
with the substrate that are not commonly seen in other studies, see Fig. 5.25. In-situ manipulation of
nanoparticles using the electron beam provided greater opportunities for characterisation than are normally
obtained in literature.
Nanoparticles were commonly observed to be in the 〈110〉 zone axis orientation with the electron beam. This
implies a preferred orientation on the a-C foil that may be relevant for coalescence and Ostwald ripening. If
substrate-particle interactions are strongest when the {110} planes are perpendicular to it, then this could
potentially affect the movement of particles on the substrate surface. This could potentially explain why
similarly sized particles either Ostwald ripen or coalesce, including ‘mixed’ Ostwald ripening/coalescence and
the ripening of larger particles than would normally coalesce. It may also affect the Brownian motion-like
movement of the particle.
The presence of perfect decahedra implies a α of ∼1.5, this was seen for Dep. Ag(3) . The presence of
marks decahedra means a α of ∼2, this was seen in Dep. Ag . The presence of perfect icosahedra mean a
α of ∼1.5, this was seen for Dep. Ag(3) , Dep. Ag(2) , Dep. Ag3nm , and indeed most depositions. This
suggests that the particles created using the nanoparticle deposition system as a whole tend to be created
under equilibrium growth conditions, despite enormous variation in the deposition controls. The presence
of icosahedra was observed at sizes larger than those predicted by thermodynamics, but in accordance to
previous observations by Reinhard et al. [163] for IGA sources.
8.2.2 Gold Nanoparticles
For depositions of gold, the majority of nanoparticles observed on the a-C supports were in non-equilibrium
shapes. When particles were in equilibrium morphologies, decahedra and icosahedra appeared to be most
common, as observed for silver.
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8.2.3 Nanocube Formation
The creation of nickel nanocubes, in the absence of any organic capping agent or reactive gases, is a very
interesting result. As such, every attempt has been made to understand its formation, and its behaviour
during in-situ TEM experiments. The nanocube is a high energy structure for a nanoparticle to adopt, since
it has largely {100} facets, which have a higher surface energy than {111} facets for FCC metals. The cubic
shape also has a high surface-to-volume area compared to a spherical nanoparticle. Nanocubes may form
due to the incorporation of small numbers of silver atoms, which are larger in size than the nickel lattice.
To minimise lattice distortion, the crystal attempts to adopt a shape that has the least close packing, which
in fact is a cube with {100} edges. The nanocubes were observed for a variety of experimental conditions,
and so are thought to be the preferred shape for nickel nanoparticle bathed in a plasma of silver.
8.3 Environmental Contamination and Ageing of Nanoparticles
The nanoparticles created using the UHV deposition system were all aged to understand the effects of envi-
ronmental contaminants on their structures, and to attempt to relate whether these contaminants influenced
the in-beam mechanisms studied in this thesis, i.e. coalescence of silver and gold nanoparticles and electron
beam-induced oxidation of nickel nanocubes.
For gold nanoparticles, ageing had no noticeable effects on the samples. Gold nanoparticles that were
aged showed no changes in particle size Additionally, gold is inert and does not react with environmental
contaminants. Silver nanoparticles that were aged were seen to exhibit a host of ageing behaviour, from
increased agglomeration to the incorporation of sulphur, together with shedding small nanoparticles. Nickel
nanocubes were also sensitive to ageing experiment, showing signs of shape destabilisation and the growth
of uniform oxide shells.
8.3.1 Ageing of Silver
Sulphur and oxygen are two known contaminants of silver and will contribute to its degradation in many
applications. The effects of these contaminants were studied by a series of ageing experiments, and by
exposing silver nanoparticles and bulk single crystal and polycrystalline silver substrates to air and water. It
was discovered that during natural aging, silver nanoparticles were seen to ‘shed’ smaller nanoparticles of sizes
<1 nm. This behaviour was indicative of a previously observed phenomenon common to both bulk and nano-
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silver, for which an explanation was established by Glover et al. [272]. The work carried out in this thesis
expands on the work of Glover et al. and furthers the understanding of the shedding mechanism. Firstly,
the fact that the silver nanoparticles were contaminant free due to their synthesis, and being inherently
clean means that the shedded nanoparticles distributed themselves in a different manner around the ‘parent’
nanoparticles, as seen in Fig 5.8. Glover et al. saw a decreasing concentration gradient around the ‘parent’
nanoparticles, whereas in this work it was seen that nanoparticles were situated equidistantly between parent
nanoparticles, on average 2-5 nm away. The facet dependence of shedding behaviour was studied for the first
time for bulk polycrystalline and single crystalline samples, in which it was observed that shedding is most
prolific on polycrystalline samples, less so on {110} and least common on {111} surfaces. This suggests that
either the {100} surface is very active for shedding, or the interplay of different facets leads to enhanced
shedding behaviour. It is known that oxygen absorbs more readily on {110} than on {111} [220, 221, 224],
and that the absorption of oxygen leads to the adsorption of water. The dependence of shedding on crystal
facets therefore furthers Glover’s proposed shedding mechanism, since it was seen that surfaces that adsorb
oxygen more readily give enhanced shedding behaviour. In this work, the observed results unify the theory of
silver shedding with the recognised theories for how water and oxygen adsorb to silver surfaces. In addition
to facet dependent shedding behaviour, a potential nanoparticle size dependence of shedding behaviour was
seen, which has not been previously investigated to the best of the author’s knowledge. This was attributed
to the high vapour pressure of smaller nanoparticles, which could cause more prolific shedding. Future work
would involve creating a series of size controlled depositions with approximately fixed surface coverages, and
aging samples under identical conditions and observing the relative populations of shedded nanoparticles
under TEM. A series of experiments was conducted looking at the effects of air, hydration and light on
shedding. It became clear that while further experiments are needed to refine upon the effects of air and
light, a marked increase in shedding was observed for samples left in light, hydrated conditions, confirming
the claims of Glover et al. that shedding is dependent on the relative humidity. The potential role of sulphur
in shedding was investigated, using STEM-EDX maps to look at the sulphur concentration in the vicinity
of parent and shedded daughter nanoparticles. The spatial resolution of EDX on a standard lithium drifted
silicon detector such as that installed on the Jeol 2100F is insufficient to clearly understand the role of
sulphur. To further this work, experiments should be performed on a super EDX microscope such as the
Titan Chemi− STEMTM.
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8.3.2 Oxygenation of Silver
Oxygen is an important contaminant of silver, and hence studies were carried out to understand how oxy-
genation would affect the structure of silver nanoparticles, and also to test the capabilities of the deposition
system, which is equipped with an ICP source. Ag2O is the most common oxide of silver [219], and so lattice
analysis was carried out samples that had been aged in environmental conditions, exposed to oxygen in-situ
during deposition, and exposed to atomic oxygen using an RF plasma. There was no obvious distortion to
the crystal lattice for any of these experiments. During tarnishing of silver, oxygen reacts with silver either
as ozone, O3, or as O2 with adsorbed water on the silver surface [221]. It is perhaps unsurprising then that
in the clean high vacuum environment of the nanoparticle deposition system, where no water is present,
that oxygen did not react with the silver. An important observation was that the particles that had been
oxidised with atomic oxygen tended towards much larger diameters, which increased with increasing plasma
power. One can therefore conclude that the presence of a contaminating atmosphere containing oxygen may
mediate coalescence events in silver. This therefore may be a responsible driving force for the coalescence of
silver nanoparticles in various applications.
8.3.3 Oxidation of Nickel Nanocubes under the Electron Beam
Nickel nanocubes were driven to core-shell morphology via prolonged exposure with the electron beam.
Two distinct types of transition were observed, that of nanocubes to core-shell nanospheres (see Fig. 7.11)
and nanocubes to core-shell nanopoppys (see Fig. 7.14). It is unclear why certain samples transform in
certain ways, but experiments suggest that beam energy and perhaps sample aging were key factors, since
the sample could be seen to transform differently on different days in the microscope . It was seen that
for clean samples, the dominant transition was core-shell spheres, and for samples left in air overnight, the
dominant transition was nanopoppys. The role of contaminants could be further investigated by XPS. It
was found through a series of super EDX measurements that the shell was oxide, and no silver signal was
seen for any EDX results. These results are not the first time that the formation of nickel/nickel-oxide
nanopoppys has been observed. Gong et al. commented on the non uniform shape of a NiO shell formed on
their nanoparticles, and suggested that the NiO/Ni nano-interfaces could provide active sites for Hydrogen
Evolution Reaction (HER) catalysis [216]. What Gong et al. failed to comment on was what sites did NiO
preferentially form onto, and why. In this work, these questions have been considered, and also a discussion
of the circumstances under which this may occur has been made, rather than making a blanket assumption
that this would be the case for all oxidation routes.
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It was observed that the oxide layer increased with time (see Graph of Fig. 7.16), however no Kirkendall
voids were observed over long time periods, which have been repeatedly noted for natural aging experiments
of magnetic nanoparticles [207,208]. Natural oxidation through aging, see Fig. 7.17, was seen to be different
to oxidation in-situ, since naturally oxidised nanocubes were resistant to beam de-stabilisation and the oxide
layer did not continue to grow in-situ. Natural oxidation was observed to be more uniform in nature than
in-situ oxidation.
Oxidation is thought to occur due to natural oxygen present on a-C grids. The beam is thought to impart the
energy that allows the surface diffusion of oxygen species from the grid surface to the surface of the nanocubes.
To confirm this effect, future work will involve looking at these nanocubes on alternative substrates, such as
amorphous silicon and silicon carbide, which are thought to contain less impurities.
The morphological dependence of oxidation was investigated. In particular, hexagonal-like particles were
compared with nickel nanocubes, since both shapes were available in abundance in Dep. Ni(9) . It was
found that, following oxidation, the core always contained nickel and oxygen in similar amounts, invariant
of shape. Nickel oxide shells, however had different compositions depending on the structure. However there
were large degrees of error in this experiment due to the small shell areas available for EDX quantification,
and due to the error inherent within EDX quantification. Hexagonal particles, which likely feature high
numbers of {111} facets (presuming an icosahedral morphology or similar) tended to oxidise more uniformly
and were seen to have a higher oxygen content in the shell than for cubic nanoparticles. Cubic nanoparticles
only have {111} facets at their truncated corners. We therefore found that oxidation onto {111} facets is
preferable.
Silicon is seen to be taken up by the nanocubes during their transition to core-shell particles, and exists
principally in the shells, see, for example, Fig. 7.18(d). Silicon was seen to be more prevalent in hexagonal
particles, with a higher number of {111} facets. As for oxygen, the {111} facets seem more active for
adsorbates in general.
For clusters of particles in close contact, it was observed that the cap region between the nanoparticles
rarely oxidised, this is especially evident in Fig. 7.20(c). This phenomenon may imply the prescence of some
inter-particle forces that repel oxidation formation and also perhaps prevents agglomeration.
These results do not indicate what type of oxide is formed, and EDX is not a good choice of technique for
precise elemental quantification, since there is always some error associated with any values. This allowed the
comparison of results from experiments performed on the same instrument under similar conditions in order
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to draw some conclusions, however comparing these values to absolutes is inadvisable. To characterise the
phase of the shell conclusively, Energy-Loss Near-Edge Structure (ELNES) could be used, although Electron
Energy Loss Spectroscopy (EELS) is challenging with heavy elements. XPS is also a possible alternative
to investigating the phase of the shell, though large surface coverages are requires and no information is
available for individual nanoparticles.
8.4 Nanoparticle Coalescence
Gold and silver nanoparticles were both driven to coalesce under the electron beam. Coalescence and Ostwald
ripening were studied, and HR-TEM was used to take serial micrographs of particles moving on the a-C
grids over the course of many minutes. Short time intervals were used to attempt to see these events in more
detail than often observed, and particular attention was given to particle faceting, with attempts to explain
the behaviour in terms of morphological changes to the nanoparticles. The time scales for silver coalescence
were observed to be much lower than those for gold coalescence; silver coalescence could occur within a few
image frames (a few seconds) or in under a few minutes, depending on the particular event. Time scales for
gold coalescence were on the order of tens of minutes. For gold, it was observed that for a coalescing pair of
nanoparticles, the reshaping to a spherical shape post-coalescence occurred on a slower time scale than that
required for new particles to join into coalescence, this is evident in Fig. 6.6. Silver has a much lower BDE
than gold, at 160 kJ/mol compared to 226 kJ/mol per atom pair, meaning that the energy costs of breaking
bonds is much higher for gold. Therefore silver should me more active at lower electron beam energies.
It is therefore thought that there is a substantially lower driving force for gold coalescence than silver
coalescence and this is responsible for the slower coalescence of gold at comparable electron beam energies.
The slow coalescence and restructuring phenomena in gold nanoparticles are believed to be responsible for
the domination of non-equilibrium shapes on the a-C foils. Additionally for gold nanoparticles, unusual
phenomena such as the ejection of smaller nanoparticles, see Fig. 6.9, and a marked reluctance to coalesce,
see Fig. 6.11 were observed. Silver however did not exhibit such unusual phenomena, and its coalescence
behaviour was studied in more detail. The faster coalescence times allowed a fuller study of the coalescence
phenomena, since the destruction of the a-C grid will occur after many minutes of sustained imaging in
a single area, full coalescence behaviour was not always obtainable for gold and only the initial stages of
coalescence could be realised.
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Facet Driven Coalescence
It was observed for multiple coalescence events that silver particles appeared to be able to build new facets
as other particles approached, in order to facilitate coalescence, see, for example, Fig. 5.33(b), Fig. 5.36(c).
This behaviour has been dubbed ‘Facet Driven Coalescence’, FDC. It was also observed that often these
attempts to build facets were ‘unsuccessful’ (For example Fig 5.41(b)), in that they would occasionally be
incorporated back into the original particle, presumably due to some change in the relative orientations of
the particles causing a reduction in the attractive energy, or possibly due to a local reduction in electron
energy from the beam.
In addition to restructuring, and the creation of new facets, there was some evidence of particles rotating
to align prior to contact, such as in Fig. 5.36. This deviates from other theories regarding orientated
attachment, in that the restructuring and reordering of facets occurs before contact, and indeed at significant
distances between particles. These observations, while common, did not dominate coalescence events. Each
coalescence event tended to proceed in a slightly different manner. Whether or not facets aligned appeared
to depend on the original position of the nanoparticles, and the morphology of the nanoparticles. Attempts
were made to understand coalescence in terms of the morphology, and hence the facets. The lack of any
consistency in coalescence time for different pairs of similarly sized nanoparticles coalescing under similar
beam conditions suggests that the relative arrangement of facets and the particle morphology dominate the
coalescence kinetics.
Long-Range Attractions?
Attempts were made to understand whether there were any long range attractions between silver particles
that resulted in their eventual coalescence. Fig 5.35 mapped the approach of several particles to a larger
particle that they were eventually seen to coalesce with. Near-linear behaviour was seen for larger particles,
suggesting that long-range attractions may be at work; over 15 nm or more. A possible mechanism for
long range interactions is electrostatic interactions between the nanoparticles. To explore this, holography
experiments are proposed, and some preliminary holography experiments can be found in F. Other possible
mechanisms include the Casimir effect, whereby van der Waals forces are thought to cause attractions or
repulsions between nanoparticles many nm apart [285]. Figs. 5.41-5.43 attempted to look at these attractions
by deliberately choosing an initially very isolated particle with no near neighbours. It was observed that
the creation of additional facets at the edges of the particles occurred even when particles were over 10 nm
apart, see Fig. 5.41(b). These perturbations do appear to increase in amplitude as other particles become
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nearer, for example compare Fig. 5.42(b) with Fig. 5.41(b). This phenomena is either due to long range
attraction causing the creation of facets, or is a result of the beam causing destabilisations to equilibrium.
Future work will involve in situ studies of increasingly isolated nanoparticles, to establish whether these
distortions occur if the particle is, for example, the only particle in a 100 nm radius? Current attempts have
always resulted in the eventual attraction of other nanoparticles.
The Influence of Morphology
For silver nanoparticles, coalescence seems to occur more readily on shapes that were not in equilibrated
morphological structures such as icosahedra and decahedra. This is perhaps a trivial conclusion as these
shapes have lower binding energies and more strain and therefore are seeking to lower their total energies
and coalescence is a way to achieve this.
Icosahedra can be distorted to an icosahedral shape with pyramidal capped structures that mimics a α of
∼1.3. Therefore by ‘growing’ these silver nanoparticle under the beam, the α is effectively changed, causing
the deformation to a different equilibrium shape. Rather than reaching equilibrium, the continued influx of
beam energy causes the particle to continue varying between shapes. It is this modification of the growth
parameters that could be instrumental in coalescence events. The variation of shapes caused by the beam
may also weaken interactions with the substrate, allowing increased particle movement on the substrate
and increasing the possibility of particles coming into close contact with other nanoparticles, leading to an
increased number of coalescence events.
It was observed, when coalescence proceeded slowly enough to capture it, that coalescence may proceed
by a gradual ‘collapsing’ of morphologies by the smaller particle. In general coalescence is not linear, it
appears to occur in jumps, and strong faceting is maintained throughout much of the neck formation. A
small spherical particle coalescing with a larger particle will appear to collapse into smaller, but well defined
shapes. It is proposed that the particle is ‘morphology jumping’. This is observed most clearly in Fig. 5.43,
although it is believed to occur for multiple coalescence events, where a particle is seen to collapse from an
initially icosahedral to decahedral to octahedral morphologies. In this manner it is able to minimise internal
strain during the coalescence event, and to keep the coalescence interface orientated in an approximately
facet-to-facet manner. It is thought that though the particle is moving towards shapes with higher surface
energy, this is unimportant as it is connected to the larger particle, and so the surface energy is dissipated
in this manner. It is believed that the particles maintain a well-crystallised interface facet-alignment during
coalescence, and that the morphological collapse is achieved by melting of the particle on the far-side of the
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smaller particle. Atoms therefore diffuse from the far side of the particle, to the neck region, via surface
diffusion. If this is the dominant manner in which silver particles coalesce, it would explain why attempts
to produce trends according to coalescence time have proved to be so challenging, since this behaviour is
considerably more complex than can be expressed in a a simple distance-time graph.
Mixed Coalescence and Ostwald Ripening
It was found that the decahedral structure appears to be extremely resistant to both Ostwald ripening
and coalescence. This was observed for different nanoparticle depositions and differing beam conditions in
the Jeol 2100F. This phenomenon gives particles in the range of 2-6 nm, which seem to be able to readily
adopt this structure, enhanced resilience and enables them to move around the a-C grid, coming into close
contact with neighbouring particles but not readily coalescing nor ripening. This was seen for Dep. Ag(3)
where ripening was seen to slow down at around 3.5 nm, at which point the particle had adopted a clear
decahedral structure (see image series in Fig. 5.46 and corresponding graph in Fig. 5.47). It was seen again
for Dep. Ag10nm(2) , where multiple particles of sizes between 2 and 4.5 nm were seen to evade coalescence
over a period of more than 20 minutes. During neck formation, the decahedral structure is perceived to be
particularly important, as it is regarded to never collapse until the neck width spans and is observed to cover
2 edges of the five-fold structure- i.e covers 4 tetrahedra in 3D.
The same morphological shift was seen for Ostwald ripening as was observed for coalescence. It was seen that
icosahedra would ripen into decahedra. This is more striking than the case for coalescence, since the surface
energy of these small decahedra is very high, and is not minimised by contact with a larger island. This
effect is prominent in Fig. 5.44 and Fig. 5.46. It could be that the strong substrate-particle interactions are
responsible for this shift to a higher energy configuration. Increased stability was noted for these decahedral
shapes, which were extremely resistant to Ostwald ripening, as shown in Fig 5.47 and Fig. 5.50.
It was observed that coalescence and Ostwald ripening are complementary events in that they both occur
together for the same particles, at the same sizes and the same beam energies. Often in literature, one effect
or the other is decided to ‘dominate’ and it is said that this depends on the relative attractions of the particle
and the substrate, however it is believed that the case is not so straightforward, and that the attraction
between substrate and particle varies considerably depending on not only morphology but morphological
orientation with the substrate, and therefore two particles of the same size and material can be observed to
behave differently under the same conditions. Substrate interactions are likely increased for nanoparticles
made via gas phase synthesis, since no capping agents are used, which would screen the interactions between
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particle and substrate. Future work involves performing holography experiments on these samples, to look
for electrostatic interactions not only between particles but also between particles and substrate. Preliminary
holography experiments can be found in Appendix F.
8.4.1 Gold-Silver Wetting
The publication by Grouchko et al. [191] discusses the behaviour of silver nanoparticles on gold nanorods
and vice versa. To the best of the author’s knowledge, this phenomenon has not been observed elsewhere,
yet it features two non morphologically similar particles, made by non-equivalent techniques, reacting with
one another. Grouchko et al. state that since both scenarios are considered, the effect is true for all shapes
and sizes, and to some extent the author of this work agrees with that statement. Nevertheless, in this
thesis, gold and silver particles have been made by the same IGA modified magnetron sputtering technique
in an equivalent manner, and have been shown to exhibit similar morphology and particle size range to one
another. The coalescence behaviour of each metal has been investigated individually, and attempts have
been made to understand this behaviour for each metal before moving onto to the more complex system
of two similar metals. This study is therefore more systematic and tells us more of the behaviour of the
specific system, and the effects that are unique to gold-silver coalescence, and not gold-gold or silver-silver
coalescence.
Key differences, and areas in which this work builds upon the work of Grouchko et al. , will now be sum-
marised:
1. The work of Grouchko et al. featured particles of dissimilar morphology interacting with one another,
in order to ‘increase the likelihood of contact’ between particles. While the wetting of silver was seen
for the case of either silver nanoparticles on gold nanorods, or vice versa, two similar morphology
nanoparticles were never considered.
2. The TEM micrographs of [191] always begin with the nanoparticles in contact, and never the initial
stages of attraction prior to coalescence. In this work, we have seen that the ‘pulling up’ process of
silver to gold actually occurs before contact, which furthers the work done by Grouchko et al. .
3. The nanomaterials used by Grouchko et al. were made through liquid synthesis techniques, and hence
are not fully representative of bare nanoparticles in the same way that nanomaterials made using the
IGA UHV nanoparticle deposition system are. We can therefore confirm that the wetting of silver
on gold occurs for silver and gold made through this technique and its therefore more likely to be a
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generalised effect rather than a one-time, synthesis dependent phenomenon.
4. While Grouchko comments in his work that the effect is consistent for all sizes of nanoparticle, from
analysis of the micrographs in [191], the smallest observable nanoparticle in any micrograph in the paper
is 15 nm in diameter, and the nanoparticles studied typically 25 nm in diameter. In the coalescence
event shown in Figs. 6.16 and 6.17, the gold particle is only 8.5 nm in diameter, and so we can say that
this effect appears to be true for smaller nanoparticles, in the regime where lattice distortion effects
and increased instability become important (below about 10 nm).
5. The gold-silver wetting process has been observed with better resolution than previously achieved
and deformations to the gold decahedron are observed. Grouchko et al. did not see any noticeable
deviations from a fixed morphology for the samples studied in his analysis, however in the work of this
thesis, stretching of the gold {111} facet was observed at the interface with silver in the gold-silver
necking region.
6. It was seen that the wetting of silver on gold could also be combined with the Ostwald ripening of
silver into gold in Fig. 6.19. It was also observed that silver not only wets the surface of gold, but it
is able to retain its individuality to some extent upon contact, and can move as an individual particle
across facet borders. This suggests that the interplay of energies is not as straightforward as suggested
by Grouchko et al. and that there are competing effects.
7. Wetting has been compared with coalescence of both silver-silver and gold-gold and has been found to
be a completely different process, lead by different forces. During coalescence, it was found that the
neck region is driven to form facets. Wetting requires the complete breaking down of all facets and
hence is far more energetically expensive than a pure coalescence event and therefore takes longer.
8. It was seen that the wetting of silver on gold appears to retard the development of gold-gold coalescence,
this is illustrated in Fig. 6.18, where the coalescence of two gold nanoparticles is seen to occur incredibly
slowly compared to gold-gold coalescence events such as in Fig. 6.8.
Future work on gold-silver wetting would include the use of super-EDX to better see the gold-silver boundary
during the wetting process.
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A.1 Silver, silver oxide and silver sulphide d-spacings
The lattice constant of silver is 4.090 A˚ Table A.1 shows the d-spacings of some of the lower order facets for
silver and its most common oxide and sulphide.
Table A.1: d-spacings of silver, silver(I) oxide and silver sulphide
Group of planes Ag d-Spacing, nm Ag2O d-spacing,
nm
Ag2S d-spacing, nm
{100} 0.41 0.47 0.42
{110} 0.29 0.35 0.36
{111} 0.24 0.27 0.31
{200} 0.21 0.24 0.21
{210} 0.18 0.21 0.19
{220} 0.15 0.17 0.18
A.2 Gold d-spacings
The lattice constant of gold is 4.085 A˚ . Since this is very close to the lattice constant for silver, this results
in the d-spacings being identical to silver for 2s.f. They are listed in Table A.2 regardless of this to aid quick
referencing.
Table A.2: d-spacings of gold
Group of planes Au d-Spacing, nm
{100} 0.41
{110} 0.29
{111} 0.24
{200} 0.21
{210} 0.18
{220} 0.15
A.3 Nickel d-spacings
Nickel has a lattice constant of 3.52 A˚ . Table A.3 gives the d-spacings for nickel and its most common
oxide, nickel(II) oxide.
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Table A.3: d-spacings of nickel and nickel(II) oxide
Group of planes Ni d-Spacing, nm NiO d-spacing, nm
{100} 0.35 0.41
{110} 0.25 0.30
{111} 0.20 0.24
{200} 0.18 0.21
{210} 0.16 0.19
{220} 0.12 0.15
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B.1 EDX on clean carbon foil
Fig. B.1 shows the EDX spectrum for a foil taken as-received from a batch from Agar. Agar is known to
have foils with slightly higher levels of contaminants than rival company Taab, and contaminants can also
vary depending on the batch, so while Fig. B.1 is representative, it is hardly all-inclusive.
Figure B.1: EDX map of a ‘clean’ carbon foil
EDX quantification gives the percentages of elements of each peak observed in the spectrum. These are
shown in table B.1 While the values are quoted to 3 significant figures, the actual error is likely to be much
larger, of the order of a few percent.
Table B.1: Elemental quantification for a ‘clean’ carbon foil.
Element At.%
C 91.3
O 3.1
Si 0.8
Cu 4.78
Au 0.1
The oxygen and silicon are contaminants usually present on carbon grids, no matter what manufacturer
they are provided by (Agar or Taab), or which batch of samples they are from. The contribution of copper
is from the grid squares, which will always give a contribution even when not near the field of view. We also
see occasional contributions from the sample holder materials, such as Chromium, and from contaminants
in the electron column due to the work of other microscope users. In the case of B.1, we see a small amount
of gold, indicative that someone had been using gold in the microscope and it had left traces on the sample
holder or evaporation into the column.
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Fig B.2 shows the diffraction pattern of a carbon foil.
Figure B.2: Diffraction pattern for a ‘clean’ carbon foil.
EDX performed on pure carbon grids confirms the presence of oxygen as a contaminant on the carbon grids
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C.1 Experimental Conditions for Depositions of Nanoparticles
C.1.1 Silver Nanoparticles
Table C.1 shows all the experimental conditions used on the nanoparticle deposition system to create the
silver samples discussed in this thesis.
Table C.1: The experimental conditions for the pure silver nanoparticle depositions
Deposition
Name
PN, W GN,
sccm
GCSC,
sccm
Th, cm pMC
x10−3 ,
mBar
Vsub,
kV
FMQ,
nm
TD, hrs
Dep. Ag5nm 16 30 0 7.6 0.47 0 5 3
Dep. Ag4nm 28 30 0 7.4 0.47 0 4 2.25
Dep. Ag4nm(2) 27 37 37 6.7 5.6 0 4 1.5
Dep. Ag8nm 28 53 42 6.5 6.3 0.2 8 1
Dep. Ag1.1nm 24 24 27 6.4 3.7 0.2 1.1 0.3
Dep. Ag10nm 30 61 45 7.2 6.7 0.2 10 0.85
Dep. Ag 31 50 25 11.9 4.4 0 none 0.3
Dep. Ag(2) 24 50 26 11.9 4.3 0 none 1.25
Dep.
Ag10nm(2)
32 45 41 7.4 6.2 0.2 3 0.3
Dep. Ag3nm 46 78 73 7.4 8.2 0.2 10 0.1
Dep. Ag(3) 44 48 23 7.5 3.9 0.4 none 2
Silver Oxidation Experiments
Table C.2 highlights the deposition conditions for the experiments involving in-situ oxidation of silver. One
will notice that for Dep. AgO3nm(2) , the PM60 is 0. This experiment still involves allowing oxygen to reach
the silver samples, except that no power is supplied to the RF plasma source. In this instance, the plasma
source acts as a simple ‘bleed valve’, and O2 gas is fed into the chamber, rather than an oxygen plasma.
Table C.2: The experimental conditions for the depositions of silver with in-situ oxygenation
Deposition PN,
W
PM60,
W
GN,
sccm
GCSC,
sccm
GM60,
sccm
Th,
cm
PMC
x10−3,
mBar
FMQ,
nm
TD,
hrs
Dep. AgO3nm 28 150 41 40 3 6.7 6.2 3 2
Dep.
AgO3nm(2)
27 0 30 30 3 6.7 4.5 3 2
Dep.
AgO3nm(3)
29 300 46 36 3 6.7 6.3 3 2
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C.1.2 Gold Nanoparticles
Table C.3 shows the deposition conditions for the gold experiments that were performed. Gold is one of the
more difficult materials to sputter that was deposited, to obtain meaningful nanoparticle flux signals and
deposition rates, the deposition conditions were tuned for each individual deposition. Deposition times were
largely chosen due to the strength of the signal at the particular filtration chosen on the mass filter.
Table C.3: The experimental conditions for the depositions of gold nanoparticles
Deposition PN, W GN,
sccm
GCSC,
sccm
Th, cm pMC
x10−3
FMQ,
nm
TD, hrs
Dep. Au4nm 37 100 100 13.2 9.9 4 0.3
Dep. Au6nm 48 100 83 13.2 9.2 6 1
Dep. Au2nm 19 47 0 13.2 0.78 2 1
Dep. Au1.1nm 22 42 0 13.2 0.67 1.1 1.5
Dep. Au7nm 37 100 100 15 9.7 7 5
Dep. Au2nm(2) 20 39 0 15 0.61 2 1
Dep. Au 24 100 81 13.2 9.2 2
Gold-Silver Wetting Experiments
In table C.4, we see that there is one gold and two silver experiments. This is because Dep. AgAu1 ,
which was the gold experiment, consisted of loading up multiple TEM foils and then splitting them between
subsequent experiments involving silver. This was mainly done to attempt to create a sample with optimum
surface coverage.
Table C.4: The experimental conditions for the depositions of silver and gold nanoparticles for wetting
experiments
Deposition Material PN, W GN,
sccm
GCSC,
sccm
Th, cm pMC
x10−3
TD, hrs
Dep. AgAu1 Au 27 57 49 9.6 6.7 3
Dep. AgAu2 Ag 20 32 21 7.4 3.1 0.5
Dep. AgAu3 Ag 17 42 60 8 7 1
C.1.3 Titanium Nanoparticles
The methodology for a couple of slightly extraneous experiments are presented in this section, since they
are discussed briefly in Chapter 4. These experiments are part of a series investigating titanium niobates
for use in a recent project that is outside the scope of this thesis, however the deposition system behaviour
is discussed, as they present an example of another material being deposited, as well as exploring different
capabilities of the system; in particular, the oxygen gas to the core-shell coater, OCSC, was experimented
with, which was unique to this set of experiments. Only two of the experiments are included in Table.
C.5, however, the actual experiments feature about 10 pure titanium depositions and 10 titanium oxide
and titanium niobates experiments. These deposition conditions are repeated in Appendix C to aid easy
reference throughout this thesis. Experiments are labelled ‘Dep. T1 ’, which was pure titanium, and Dep.
TO1 , which involved a flow of oxygen through the core shell coater inlet.
Table C.5: The experimental conditions for the depositions of titanium and titanium oxide nanoparticles
Deposition PN, W GN,
sccm
GCSC,
sccm
OCSC,
sccm
Th, cm pMC
x10−3
FMQ,
nm
TD, hrs
Dep. T1 71 27 0 0 7.4 0.4 2 1
Dep. TO1 77 50 21 3 5.3 3.8 5 1
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C.1.4 Nickel Nanoparticles
Table C.6 shows all the experimental conditions used on the nanoparticle deposition system to create the
nickel samples discussed in this thesis.
Table C.6: Summary of experimental conditions for all nickel depositions
Deposition PN, W PCSC, W GN,
sccm
GCSC,
sccm
Th, cm pMC, mBar
x10−3
TD, hrs
Dep. Ni(1) 27 44 58 47 9.6 6.7 2.5
Dep. Ni(2) 29 45 58 47 9.6 6.6 4
Dep. Ni(3) 32 45 58 47 9.6 6.8 4
Dep. Ni(4) 31 42 58 47 9.6 6.3 3.5
Dep. Ni(5) 31 51 58 47 9.6 5.7 2.5
Dep. Ni(6) 34 49 58 47 9.6 6.8 2.5
Dep. Ni(7) 31 51 58 47 9.6 5.6 3.2
Dep. Ni(8) 46 52 58 47 6.5 6.7 4
Dep. Ni(9) 84 50 59 42 0 5.9 2.5
C.2 Nickel Nanocubes Synthesis Techniques
Initial experiments producing nanocubes involved the use of a 99.999% pure nickel target in the nanoparticle
source and a 99.999% purity titanium target in the core-shell coater. The titanium target had built up a
thin layer of silver onto its surface, from previous experiments where the nanoparticle source had a 99.99%
pure silver target in position, and the core-shell coater had contained titanium, but had not been in use.
Since much of the nanoparticle beam is lost in transit between source and substrate, much of the sputtered
material ends up coating the inside of the chamber, and since the core-shell coater magnetron is aligned in
parallel with the beam it becomes coated with this material. Over 5 silver depositions, a total of 6 hours
of deposition time, a substantial layer is built up. When a plasma is then generated using the core-shell
coater, this plasma will contain both silver and titanium atoms, which are both available to interact with the
already formed nickel nanoparticles. The experiments that were carried out in this manner were Dep. Ni(1)
, Dep. Ni(2) , Dep. Ni(3) , and Dep. Ni(4) . All other experiments carried out in Section 3.5, Chapter 3,
used a pure 99.99% silver target in the core shell coater, as specified therein. Similar deposition conditions
were aimed for, however it should be noted that between experiments Dep. Ni(2) and Dep. Ni(3) , the silver
layer was replenished through exchanging the nanogen target from nickel to silver, and carrying out 12 silver
depositions, accounting to a total of 11.1 hours of deposition time (with varying yields), with the core-shell
off. We can therefore expect a different thickness of the silver layer on the titanium core-shell target between
experiments Dep. Ni(1) and Dep. Ni(2) and experiments Dep. Ni(3) and Dep. Ni(4) . Additionally from
Table C.6 it can be seen that there was significant variation in the pressure in the chamber, due to variations
in initial base pressures.
It was observed that once silver on the surface of the titanium target became depleted, the nickel nanocubes
reverted back to spherical morphology that one would expect for a pure nickel deposition. In this way,
it was shown that nickel nanocubes are formed as long as silver is used in the core shell coater, and that
the phenomenon of nanocube formation is not simply caused the by presence of the strong plasma in the
core-shell chamber, it is due to a specific interaction between the nickel and silver metals.
It is interesting to note that nanocubes are the outcome for the majority of deposition experiments attempted,
yet these are crucially different experiments, especially since different magnetron sputtering target materials
are being used between Experiment 1 and 2. For each material we have a specific breakthrough voltage, as
discussed in Section 2.2, and then the sputtering at different pressure/power combinations will be material
dependent. Additionally, the specific combination of pressure/power of the core-shell coater relative to the
nanoparticle source will affect what end product is formed. As it is discussed in the literature (see Section
1.5), the formation of nanocubes is dependent on the speed at which the reaction proceeds in solution-
based chemistry [6]. It is believed that in physical vapour deposition this also holds true, and the relative
flux at which nanoparticles are produced, and the specific pressure in the formation zone is critical to
their morphology. It is for this reason that a thin layer of silver supported on a titanium target should
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sputter differently than a pure silver target, and hence the two experiments are not specifically comparable.
However, from observation of Fig. 7.3 the experiments may appear equivalent. In practice, it was found
that the thickness of the silver layer on the titanium source was unimportant for whether nanocubes were
formed; as long as there was silver present in the ‘racetrack’ area of the titanium source, nanocubes would
form, although the flux of nanocubes would decrease as silver was depleted from the titanium source. As
discussed in Section 3.5, Dep. Ni(1) and Dep. Ni(3) both represent high concentration of silver scenarios,
and Dep. Ni(2) and Dep. Ni(4) are the respective depleted silver experiments. The surface coverages are as
displayed in Table C.7.
Table C.7: Observed surface coverages for Experiment 1 samples
Sample Surface Coverage,
%
Dep. Ni(1) 15
Dep. Ni(2) 3
Dep. Ni(3) 36
Dep. Ni(4) 3
The differences in surface coverage show that depleting the titanium target of silver significantly reduces
the flux of nanoparticles, since we know that the other parameters are all similar (see Table C.6). It can
therefore be assumed that once the silver is depleted from the titanium target, the interaction of titanium
with nickel does not result in any nanoparticle product capable of surviving the distance between core-shell
coater and substrate table. This is possibly due to the higher lattice mismatch of nickel and titanium (19%)
compared with nickel and silver (14%).
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D.1 Supplementary Videos
This appendix includes a list of all videos included in the supplementary CD which accompanies this thesis,
giving their names as they are given on the CD, and a brief description to aid identification.
• Video 1: A silver decahedron.
• Video 2: A silver icosahedron.
• Video 3: The coalescence of a large oval silver nanoparticle with a small round one.
• Video 4: Series α, depicting the coalescence of a multi-faceted elliptical silver nanoparticle with a 12
nm icosahedral silver nanoparticle.
• Video 5: Series β, depicting the coalescence of silver nanoparticles.
• Video 6: Series γ, depicting the coalescence of silver nanoparticles.
• Video 7: Series depicting a relatively isolated silver nanoparticle that is seen to attract other silver
particles over ‘long’ distances.
• Video 8: Series depicting a multitude of Ostwald ripening events of silver nanoparticles.
• Video 9: Series depicting the Ostwald ripening of a small silver nanoparticle into a larger one.
• Video 10: Series depicting mixed coalescence and Ostwald ripening behaviour of silver nanoparticles.
• Video 11: Raw holographs of silver coalescence
• Video 12: Series of phase holographs extracted from Video 11.
• Video 13: A coalescence event between gold nanoparticles.
• Video 14: A coalescence event between gold nanoparticles.
• Video 15: A coalescence event between gold nanoparticles.
• Video 16: An unusual phenomenon observed between gold particles.
• Video 17: An unusual phenomenon observed between gold particles.
• Video 18: The wetting of silver on gold.
• Video 19: The wetting of silver on gold.
• Video 20: The wetting of silver on gold.
• Video 21: The transition of cubic nickel nanoparticles to core-shell nanoparticles.
• Video 22: The transition of a cubic nickel nanoparticle to a core-shell nanoparticle.
• Video 23: The transition of a cubic nickel nanoparticle to a core-shell ‘nanopoppy’.
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E.1 Electron Beam Conditions
This appendix is intended for use as a reference to look up the relevant microscope conditions pertaining
to a particular experiment, for coalescence and core-shell transition experiments where the dose rates and
microscope conditions are important. The beam conditions are given together with the relevant figures in
the results sections that they are applicable to.
E.1.1 Bright Field Experiments on the Jeol 2100
All experiments on the Jeol 2100 are performed at 200 kV
Table E.1: Beam conditions for experiments performed on the Jeol 2100F, and the Figures in the results
section that use these conditions. where Cd is condenser aperture, Mag is magnification, SS is spot size.
Deposition Figures Cd Mag, kX SS Current
density,
pA/cm2
Dep. Ag10nm(2) 5.33, 5.34 3 1200 1 145
Dep. Ag10nm(2) 5.36, 5.48 3 500 1 145
Dep. Ag10nm(2) 5.44 3 600 1 145
Dep. Ag10nm(2) 5.37 3 800 1 145
Dep. Au7nm 6.6, 6.7, 6.8 2 1200 1 135
Dep. Ag3nm 5.38 3 800 1 130
Dep. Ni(5) 7.17 2 500 1 150
Dep. Au 6.11 2 800 1 160
Dep. AgAu2 6.18 2 800 1 160
Dep. AgAu3 6.16 6.17 2 600 1 170
Dep. Ni(1) 7.13 2 1235 1 145
E.1.2 Bright Field Experiments on the Titan
Experiments on the Titan are usually performed at 300 kV but there were also experiments at 80 kV for
studying the core-shell transition of nanocubes. Table E.2 shows the beam conditions for Titan experiments
on the coalescence of silver nanoparticles.
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Table E.2: Beam conditions for experiments performed on the Titan, and the Figures in the results section
that use these conditions. where Cd is condenser aperture, Mag is magnification, SS is spot size.
Deposition Figures Accelerating
voltage
Cd, µm Mag
∗, kX SS Current
density,
pA/cm2
Dep. Ag(3) 5.41-5.43 300 150 750 3 780
Dep. Ag(3) 5.46 300 150 850 3 780
Dep. Ni(1) 7.11 300 150 250 6 1
Dep. Ni(1) 7.14 80 150 2500 6 1
E.1.3 Chemi-STEM Measurements
Super EDX measurements were conducted on the FEI Titan 80-200 Chemi-STEM at the Ernst-Ruska Centre
for Electron Microscopy, Ju¨lich. This instrument uses FEI’s ‘TIA’ software for recording HAADF micro-
graphs and Bruker’s ‘Esprit’ software for chemical analysis [268]. The microscope was aligned at 200 kV.
The beam conditions are given in E.3
For conditions which maximised the resolution of the HAADF-STEM imaging, a small condenser aperture
of 50 µm and subsequently small convergence angle of 17.7 mRad was used. For conditions that maximised
the EDX signal, a larger condenser aperture of 100 µm and convergence angle of 35.3 mRad was used.
Table E.3: Beam conditions for experiments performed on the Titan Chemi-STEM. where Cd is condenser
aperture, Mag is magnification, SS is spot size, and current density is an estimated value based on the
microscope screen current, α is the convergence angle, and CL is camera length ∗predominantly used
Deposition Cd,
µm
Mag∗, kX SS Current
Density,
x107A/cm2
α, mRad CL, mm
Dep. Ni(8) , Dep. Ni(9) 50 2550 6 0.75 17.7 135
Dep. Ni(8) , Dep. Ni(9) 100 910 6 1.42 35.3 135
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F.1 Holography
An electron wave will undergo a phase shift as it passes through a specimen. This phase shift is due to the
interaction of the electrons with electric and magnetic fields in the specimen. In CTEM this information
is not separable from other contrast mechanisms, and phase contrast is only observed very weakly. In a
holography set up these quantities can be observed qualitatively as well as quantitatively measured [286].
There are three major forms of holography [287]:
• In-line holography
• Single-sidebanded holography
• Off-axis holography
By far the most commonly used technique is off-axis holography, and it is that which will be discussed in
this appendix.
For holography measurements, we position the region of sample we are interested in half in the field of view,
so that the other half of the field of view provides a vacuum reference. A positive voltage is applied to a
biprism, which is essentially a thin wire (≤ 1 µm) used to split the beam into two coherent partial waves, in
a manner analogous to Youngs double slit experiment. One of the partial waves goes through the vacuum
reference and the other partial wave passes through the specimen. The bi-prism voltage also deflects the
two waves back into one another so that the waves interfere to form a hologram [288]. The experimental
set-up for off-axis holography is shown in Fig. F.1. Interference of the waves diffracted at the biprism will
cause Fresnel fringes which show up in the hologram. Studying the spacing of these fringes enables the
user to compute the resolution. The spacing of the fringes is altered by altering the bi-prism voltage, and
hence resolution in holography can be adjusted. In general, higher biprism voltages gives smaller fringe
spacing (higher resolution) and a larger overlap width, Wo (greater field of view). Fringe contrast is lower
with increasing biprism voltage, so increased magnifications are necessary in order to have enough pixels per
fringe on the digital recording system of the microscope. Amplitude is present in CTEM micrographs and
is also present in holograms as a variation in the intensity of the holography fringes. Changes in phase will
cause fringe shifts [289]
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Figure F.1: Schematic of the TEM column arrangement used for off-axis electron holography.
In general when performing holography experiments, one wants to avoid being centered on or close to a zone
axis, as dynamical contributions from diffraction will contribute to the phase image [290]. For a sample that
is amorphous or tilted far from the zone axis, the phase shift is dominated by Vo. It is due to the incomplete
screening of atomic cores and Vo will vary with the composition and density of the sample, and is given by
integrating the mean potential for an atom over the volume of the object [286]:
Vo =
1
V ol.
∫
V ol.
Vatom(x, y, z)dxdydz (F.1)
Therefore Vo can be thought of as ‘the volume average electrostatic potential of a solid’. Vo, together with
the sample thickness, affect the phase image, and ideally we want to be able to distinguish these factors from
the magnetic contributions to the phase image [291]
Holography on Magnetic Materials
We may also be interested in magnetic contributions to the image, and holography is indeed a powerful
technique for looking at magnetism in nanomaterials. For a thin specimen, the phase, φ is given by cite-
dunin2004;
φ = CE
∫
V (x, z)dz − e
~
∫
β⊥(x, z)dxdz (F.2)
where:
CE is the standard electrostatic pre-factor and is constant for a particular beam energy. For 200kV and
300kV this takes the values of 7.29x106 and 6.53x106 rad V−1 m−1 respectively.
x is the direction in the plane of the specimen
z is the beam direction β⊥ is the component of magnetic induction in the specimen perpendicular to the x
and z
V is the electrostatic potential, for magnetic materials this is the Vo of the specimen
The ‘dz’ terms in Eq. F.2 can be removed if the assumption is made that the Vo and β⊥ are constant in the
beam direction, and Eq. F.2 can be expressed as:
φ = CEV (x)t(x)− e~
∫
β⊥(x)t(x)dx (F.3)
where t is the thickness of the specimen.
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This can be differentiated to:
dφ(x)
dx
= CE
d
dx
[
V (x)t(x)
]
− e
~
β⊥(x)t(x) (F.4)
Therefore, for a sample of uniform thickness and composition, the phase gradient is given by Eq. F.5 [288].
dφ
dx
=
(
et
~
)
β⊥(x) (F.5)
Alternatively, if Vo is not constant across a sample, one can use knowledge of Eq. F.2 together with
processing of phase images to isolate either the Vo or magnetic contributions to the beam. This technique
will be discussed in Section F.2.
The objective lens has a strong magnetic field, and hence is not used for forming the holograph, since it
would magnetise the sample. Instead a Lorentz lens is used. This smaller, high strength lens allows high
magnification without magnetisation [288]. The objective lens is used, however, for intentional magnetisation
of the sample in a particular direction, which is achieved by switching the magnetisation direction of the
objective lens. This process is limited in that it only gives meaningful results if the magnetisation in the
sample switches perfectly. If magnetisation reversal is imperfect, the objective lens may need to be tilted
back and forth several times in order to gain a result [292]. Generally the reversal is imperfect if there is a
high degree of anisotropy in the shape of the nanoparticles [291].
Loss of Resolution and Sources of Error in Holography
There are various sources of losses of resolution in holography, and factors that can affect contrast and
result in mis-measurements [290]. To give good interference-fringe contrast, the convergence angle should be
minimised as much as possible, as there is a loss of fringe contrast which will cause loss of phase resolution in
the final holograph. Contrast-loss in the Fresnel fringes can be caused by beam divergence, due to the finite
source size and also by energy spread as a result of a lack of temporal coherence. To improve contrast in
the Fresnel fringes, the condenser lens is usually stigmated to give a highly-elliptical beam [293] incident on
the bi-prism, so that the waves emerging from the bi-prism are coherent [294]. Additionally, the finite size
of the bi-prism wire causes additional Fresnel fringes and any flaws in the imaging and recording systems
will also affect the final holograph. The holography instrument also has a large objective lens pole piece gap
which limits the resolution further [295].
All of the above effects will have an effect on the final phase and amplitude image, however they can be
accounted for (mostly) by taking a reference image of the vacuum. The sample, if on a-C foil, is moved
around until a hole is found in the grid, and a holograph is taken of the vacuum, keeping all other beam
conditions identical to those for the holographs of the sample. When the holograph is processed, the reference
image is used to subtract for these effects [290].
The Signal-to-Noise Ratio (SNR) is a limiting factor in resolution. The signal is dependant on the strength
of the magnetism in the sample and the phase sensitivity of the microscope/recording system. Noise in
holograms is due to single-electron events [289]. Typically one can see magnetic details reliably for areas of
∼ 5 nm or greater [296].
F.2 Holography and Lorentz-TEM Experiments
Holography and Lorentz TEM measurements were carried out on the FEI Titan 80-300kV Holo Instrument
at the Ernst Ruska-Centre for Electron Microscopy, Ju¨lich.
For holography and Lorentz experiments conducted at 200 kV and 300 kV the microscope conditions were
as follows:
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Table F.1: Beam conditions for experiments performed on the Titan Holo, where Cd is condenser aperture,
Mag is magnification, SS is spot size, and current density is an estimated value based on the microscope
screen current ∗predominantly used
Deposition Cd, µm Mag
∗, kX SS Current
Density,
A/cm2
Dep. Ag(3) 100 570 2 0.02
Dep. Ni(8) 100 570 2 0.02
The Lorentz bi-prism voltage varied between experiments and hence is quoted in the results and discussion
chapter for nickel, 7, for each individual result.
For silver coalescence experiments involving holography, the Lorentz bi-prism voltage was set to 162 V. For
Lorentz TEM investigations of nickel nanoparticles, the bi-prism was set to 62 V. Lorentz experiments to
investigate the magnetisation of the nanocubes were carried out by tilting the objective aperture to +50 and
-50 mRad, in order to change the magnetisation of the sample. An image was taken at both positive and
negative tilt, in order to study the phase change, if any, associated with changing the magnetisation of the
sample.
Processing of Holographs
For holography coalescence of silver studies, extraction of the phase was required so that it was possible
to attempt to observe phase shifts across the nanoparticles that could be associated with the transfer of
charge due to electrostatic interactions. Each holograph that was obtained on the Titan Holo in Ju¨lich
had to be processed to extract the phase. A script was written by Chris Boothroyd that used the Semper
software [297] to automate this for the hundreds of images taken in a single series, however the process for
a single micrograph is outlined in Fig. F.2.
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(a) (b) (c)
(d)
(e) (f) (g)
Figure F.2: The processing of a holograph to extract phase, showing (a) original hologram, (b) magnified
micrograph of red box region from (a), (c) vacuum reference hologram, (d) FFT of (a) with (c), (e) amplitude,
(f) phase, (g) unwrapped phase. Scale bar for all micrographs is 2 nm.
A holograph, such as the one shown in Fig. F.2(a) contains phase and amplitude information as well as
artefacts introduced by the beam and the Lorentz bi-prism. A close up on an apparently clear area from
Fig. F.2(a), see Fig. F.2(b) shows the Fresnel fringes present throughout the Wo. A vacuum reference
image, such as the one shown in Fig. F.2(c), is obtained without changing any of the conditions from when
the holograph was taken, so that this can be subtracted from the holograph during processing. An FFT
is produced using both the holograph and reference holograph. The central peak of a Fourier transform
of an electron holograph contains the transform of the vacuum reference image and the transform of the
BF CTEM image. There will also be two peaks either side of the center, one of which will be the Fourier
transform of the image wavefunction, and the other will be the Fourier transform of the complex conjugate
of the wavefunction, as shown in Fig. F.2(d). The amplitude, A and phase, φ are related to the complex
wavefunction via:
A =
√
Re2 + Im2 (F.6)
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φ = tan−1
Im
Re
(F.7)
where Re and Im are the real and imaginary components of the wavefunction.
Performing an inverse FFT on one of the sidebands of Fig. F.2(d) then, will return the amplitude and phase
images for the original holograph. These are shown in Fig. F.2(e) and (f), respectively. The phase image
will initially be in a ‘wrapped’ state whereby any shifts of 2pi or greater will have produced discontinuities in
the resulting micrograph, as a result of the cyclic nature of the tan−1 function in Eq. F.7. The phase image
can then be unwrapped using algorithms [298] included in the processing software to give an unwrapped
phase image as shown in Fig. F.2(g).
For measurement of magnetism in nickel nanocubes, it was necessary not only to perform the process shown
in Fig. F.2, but also to attempt to extract magnetic information from the phase and amplitude holographs.
From Equation F.5 in Chapter 2 we know that the magnetisation of a sample is proportional to the phase
gradient. As previously mentioned, the magnetisation of the sample can be switched if the objective lens is
tilted and holographs taken with the lens tilted in each direction. The field of view, and all beam conditions
are kept constant in between switching magnetisation.
From Equation F.2, Chapter 2, we can see that if the only difference between two phase images is the
magnetisation, i.e positive and negative, that adding the two phase images would give double the Vo contri-
bution, and remove the magnetic contribution, whereas subtracting one phase image from another will give
twice the magnetic contribution and remove the dominant Vo contribution from the phase image [291].
F.3 Holography Studies of the Coalescence of Silver Nanoparticles
Fig. F.3 shows a series of holographs that were taken on the Titan Holo in Julich, performed on Dep.
Ag(3) . The holographs show a coalescence event between two 9 nm and 8 nm (average) diameter silver
nanoparticles. Figs. F.4 and F.5 show the corresponding phase and amplitude holographs that result from
processing of the micrographs in Fig. F.3 as described in Section. F.2, Chapter 3. The raw holographs and
processed phase holographs can be found in Video 11 and Video 12, respectively, in Appendix D.
From inspection of the micrographs in Fig. F.3, one can identify the twins in each of the nanoparticles.
Resolving the lattice is not always possible in every micrograph, however, different facets are available for
viewing during different stages of the coalescence. The structure for the right hand particle is most clear in
Fig. F.3(b), where it is evident that there is a 3-fold axis, suggesting an icosahedral morphology, and there
is a boundary to a second crystal within the nanoparticle shown by the red dashed line. The orientation and
structure of this particle appear to remain largely unchanged throughout the series, though in Fig. F.3(f)
some rotation of the fivefold axis is evident during coalescence. The left hand particle is harder to categorise,
though if one compares Figs. F.3(b) and (f) the orientation appears particularly similar. Particularly striking
is the apparent growth of a thin layer of crystalline material outside of the two particles towards the end
of the series, as shown in Fig. F.3(f). If one observes the corresponding phase image in Fig. F.5(e), this
becomes more apparent that this is not a feature of the a-C foil, which is gradually becoming destroyed
through the series. Fig. F.6 shows a high magnification image and FFT for this region of the micrograph,
and the crystalline material is shown to be likely silver, with lattice parameters of:
d111 = 0.23
d200 = 0.20
Coalescence proceeds slowly, much slower than observed in previous experiments using the microscopes at
Imperial College. While precise timings between micrographs are unknown, due to the image sampling
method being different to that used previously, the entire series takes place over about 20 minutes, and
coalescence itself was observed to proceed slowly, with no extrusion of material as has been previously seen,
and no ‘pulling up’ of particles during coalescence, or collapse to smaller stable shapes, or any of the effects
observed for coalescence in CTEM. One possibility for why coalescence could proceed differently could be due
to particles being situated on opposing sides of the carbon grid, however this can be dismissed by studying
the phase and amplitude images Fig. F.5(e) and Fig. F.5(f), where it can be seen that there is no increased
phase (increased Vo) or increased amplitude signifying an overlap of the two particles. The slow nature of the
coalescence does suggest that the driving force for coalescence has been significantly reduced. Holography
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experiments are performed under very different beam intensities, so it is possible that the excitations are
simply not high enough to induce coalescence in the silver nanoparticles.
From analysis of the phase images in Figs. F.4 and F.5 it can be observed that there is far greater variation
in phase occurring on the a-C film than on the silver nanoparticles. The only strong variations in phase
occur when the particle reaches dynamical diffraction conditions due to slight rotations of the particle, as
seen in Fig. F.5(c), where the phase appears darker in the region where the lattice is most resolved. This
is not ideal, but essentially unavoidable with in-situ holography investigations on nanoparticles. Plotting
line profiles across the nanoparticles with time results in no observation of any interesting trends. This begs
the question as to whether any phase shifts on such small particles would be visible. With this in mind,
equations were adapted from a paper by Beleggia et al. [299]:
The minimum number of electrons that is detectable for a particular microscope at a particular accelerating
voltage, N, is calculated in F.8.
N >
Φmin
ΦE
c(∆)
δ
(F.8)
where Φmin is the minimum phase resolution of the microscope, ΦE is constant for a particular accelerating
voltage, c(∆) is capacitance as a function of ‘gap parameter’ (the distance between particle and substrate,
typically non zero and about 1A˚), and δ is a constant.
Once N is calculated for the microscope, the number of electrons transferred for a nanoparticle of a particular
radius, R, for a particular material can be calculated via F.9.
N =
CVV
e
(F.9)
where VV is the potential difference between substrate and nanoparticle as calculated in F.10, e is the charge
on the electron, C is the capacitance as calculated in F.11.
VV =
Wc −WAg
e
(F.10)
C = C(∆)C∞ (F.11)
where C∞ is the bulk capacitance.
For a full treatment, complete with graphs for calculating the constants used in F.8, the reader is referred
to the paper [299].
It was seen that for an assumed phase sensitivity of pi100 , phase shifts on silver nanoparticles should be
seen for electrostatic interactions involving electron transfers of more than 6 electrons. One would expect
that during a coalescence event that occurs via electrostatic interactions many more electrons should be
transferred. However, from the same paper, it can be calculated that this transfer would require a minimum
particle size of 9 nm for silver. These particles are therefore on or slightly below the lower limit for phase
observations to be made, especially given that the phase behaviour of the a-C foil constitutes a high level
of background. One would also perhaps expect phase shifts due to the ‘long range’ attractions observed
for many coalescence events, however it seems doubtful that these interactions are occurring, as previously
stated none of the behaviour previously attributed to long range interactions was observed to occur for silver
nanoparticles in the Titan Holo. More work is clearly needed to attempt to mimic beam conditions closer
to those used for CTEM experiments, in order to encourage the behaviour previously observed, and study
phase shifts associated with this behaviour.
The phase images also showed evidence of what appears to be an interaction between the silver nanoparticles
and the substrate, which is evident in the ring of darker phase surrounding the coalescing particle pair, most
apparent in Fig. F.5(c), where the dark ring is indicated by a red dashed line. It may be this interaction
that drives material out from the main nanoparticles onto the grid as seen in Fig. F.5(e).
Additionally, if one studies the amplitude images in Figs. F.4 and F.5, once can see that the contrast between
the particles and the a-C foil is gradually decreasing, possibly suggesting a thinning of the nanoparticles
with time. It can also simply be, at least partially, due to rotation to lower diffracting conditions. However
this together with the fact that crystalline material is seen to diffuse out onto the grid suggests that the
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electron beam may be causing evaporation and melting of the crystal particles. It may then be that the
partial coalescence of the two nanoparticles is caused by this, rather than the mechanisms observed for the
CTEM experiments. However it is also possible that this mechanism also occurs, to some extent during
other experiments, for example bright field experiments on the Jeol 2100F.
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(a) (b)
(c) (d)
(e) (f)
Figure F.3: A series of unprocessed electron holographs of a silver coalescence event. Experiments are
performed with a current density of 0.02 pA/cm2at an accelerating voltage of 300 kV on the Titan Holo
microscope. Scale bar is 2 nm for all micrographs
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(a) (b)
(c) (d)
(e) (f)
Figure F.4: (a), (c), (e) phase images and (b), (d), (f) amplitude images for Fig. F.3(a)-(c) respectively.
Experiments are performed with a current density of 0.02 pA/cm2at an accelerating voltage of 300 kV on
the Titan Holo microscope. Scale bar is 2 nm for all micrographs.
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(a) (b)
(c) (d)
(e) (f)
Figure F.5: (a), (c), (e) phase images and (b), (d), (f) amplitude images for Fig. F.3(d)-(f) respectively.
Experiments are performed with a current density of 0.02 pA/cm2at an accelerating voltage of 300 kV on
the Titan Holo microscope. Scale bar is 2 nm for all micrographs.
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(a)
(b)
{111}{111}
(c)
Figure F.6: Lattice analysis of the excess crystalline material observed in Fig. F.3, depicting (b) high
magnification of red dashed box from (a), and (c) FFT analysis of the same region
F.4 Holography and Lorentz TEM
To attempt to look at the magnetic behaviour of the nickel nanocubes and other nickel shapes, Lorentz
TEM experiments were performed on the cubic structures of Dep. Ni(8) and mixed nano-morphologies of
Dep. Ni(9) . To attempt to see magnetisation, areas of the sample were chosen that had large particles
in the field of view, or clusters of nanoparticles, since magnetisation should be stronger for these particles.
Since nickel is ferromagnetic, we would expect to see magnetic phenomena for even small particles, but the
difficulties associated with processing the images creates a great deal of extraneous effects that can obscure
the real results. Each of the images sets in Figs. F.7, F.8 and F.9 consist of 6 images. In each image set,
the first two images, (b) and (d), depict the phase images for the +50 and -50 objective tilt conditions,
respectively. They therefore represent images in which the direction of the external magnetic field has been
reversed. To look for magnetisation effects, the images at the different objective tilt conditions are summed
to give the magnetic contribution to the phase, which is shown in (f) for all three sets of images. They are
also subtracted from one another to give the Vo contribution to the phase, and these images are shown in
(e) for all three sets. For samples exhibiting magnetic behaviour, a shift from light to dark contrast should
be observable in the magnetic images. To some extent this is what is observed, however this is likely to
be due to slight shifting of the sample position during image calculation. The largest particle in the series
is in Fig. F.7, which has a nanoparticle of diameter 27 nm, which should be well above the threshold at
which one might expect to see magnetic variations. We therefore can rule out the idea that samples are too
small to observe magnetic behaviour. It may be that the samples are showing superparamagnetic behaviour,
but one would expect to see a particle size dependence associated with this. These measurements are very
preliminary, and while not conclusive at this stage, future experiments are planned to attempt to model the
magnetic behaviour of these nanoparticles.
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(a) (b)
(c) (d) (e)
(f)
Figure F.7: Holography on a large multi-grained nanocube from Dep. Ni(8) (a) BF and (b) phase images
for +50 tilt, (c) BF and (d) phase images for -50 tilt, (e) the difference of the two phase images, (f) the sum
of the two phase images. Scale bar is 20 nm for all micrographs.
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(a) (b)
(c) (d)
(e) (f)
Figure F.8: Holography on mixed shaped nanostructures from Dep. Ni(9) (a) BF and (b) phase images for
+50 tilt, (c) BF and (d) phase images for -50 tilt, (e) the difference of the two phase images, (f) the sum of
the two phase images. Scale bar is 20 nm for all micrographs.
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(a) (b)
(c) (d)
(e) (f)
Figure F.9: Holography on a large multi-grained nanocube (a) BF and (b) phase images for +50 tilt, (c) BF
and (d) phase images for -50 tilt, (e) the difference of the two phase images, (f) the sum of the two phase
images. Scale bar is 20 nm for all micrographs.
F.4.1 Conclusions
Preliminary holography measurements have been performed on Dep. Ag(3) . Coalescence was observed to
proceed in a very different manner than observed for CTEM measurements performed on the Titan and Jeol
2100F instruments at Imperial College. The beam conditions for holography are different than those for
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CTEM (for example the use of a highly stigmated condenser lens), and so this preliminary experiment high-
lighted the importance of the electron beam interactions with the sample in causing the observed phenomena.
Out of these initial experiments, the phase and amplitude images generated from the holographs enabled the
observation of a wetting phenomenon where silver was observed to coat the surrounding surface of the a-C
film. In addition to this, strong interactions were observed between the nanoparticles and the grid, which
resulted in a dark phase ring around the particles. No evidence of electrostatic interactions were observed
between nanoparticles during holography experiments, although they cannot be ruled out as yet. Future
holography experiments are planned, and ongoing work involves the preparation of silver nanoparticles on
several different substrates, for coalescence and holography studies.
Initial Lorentz TEM experiments have been carried out and will be continued in future work. The nickel
nanoparticles may have interesting paramagnetic properties, in addition to shape dependent magnetic prop-
erties. The cleanliness of the nickel particles, and the fact that they have been produced in various shapes,
is highly encouraging, since Lorentz TEM requires very clean samples, and so samples produced by the
nanoparticle deposition system provide a model system upon which to perform state-of-the-art measure-
ments on.
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